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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Genetic diversity is essential for maize (Zea mays L.) improvement. Reduced genetic 
variability decreases selection efficiency and the ability of the breeder to select desirable 
genotypes. A committee on genetic vulnerability of major crops suggested genetic diversity 
in maize was decreasing (Anonymous, 1972). Genetic divergence between genotypes, 
however, is one of the more important causes of heterosis, a phenomenon described by G. H. 
Shull (Shall, 1952) and developed by Jones (Hayes, 1963). In quantitatively inherited traits, 
differences in allelic frequencies and dominance genetic effects are necessary for the 
expression of heterosis (Falconer and Mackay, 1996). 
Heterosis can be inferred from heterotic patterns, and this is why they are important in 
hybrid maize breeding (Hallauer and Miranda, 1988). A heterotic pattern can be defined as 
the cross between known genotypes that expresses a high level of heterosis. They have been 
established empirically by relating the heterosis of crosses with the origin of the parents 
included in the crosses (Hallauer et al., 1988). The identification of heterotic patterns is a 
consequence of time, experience (breeding and testing), and effort. 
Temperate maize breeders have been sampling about 5% of the available maize races 
while commercial temperate maize has been derived from races representing only 2% of the 
available germplasm (Brown, 1975; Goodman, 1985). Only one heterotic pattern (within dent 
maize) is being widely exploited by maize breeders in the United States: this is represented in 
crosses of selected germplasm sources of Iowa Stiff Stalk Synthetic (BSSS) x Lancaster Sure 
Crop, an extremely small sample from the diverse U. S. Com Belt Dent race. Successful 
inbred lines (e.g. B14, B37, B73, B84, and B104) have been derived from BSSS, while C103 
(Mol7 and C123), and Oh40B (Oh43) originated from Lancaster Sure Crop. The lack of 
alternative heterotic patterns is a consequence of breeding efforts devoted to specific genetic 
backgrounds. Populations with greater selection pressures have shown greater heterotic 
responses (Eyherabide and Hallauer, 1991a; Keeratinijakal and Lamkey, 1993a; Betran and 
Hallauer, 1996). 
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Recurrent selection is the cyclical selection method applied to genetically broad-based 
populations and seems to offer a good means of adapting exotic germplasm (Hallauer, 1978). 
Recurrent selection has been suggested as a series of methods for the gradual improvement of 
quantitative traits. Its ultimate goal is to develop adapted and improved germplasm that can 
be used as a source of elite inbred lines. Genetic progress depends on increasing the 
frequency of favorable alleles of a particular trait and maintaining adequate genetic 
variability for continued selection. There is, however, a specific relationship between 
changes of a trait mean and those of allelic frequencies in improved populations (Smith, 
1979a,b, 1983). Changes in inbreeding due to restricted population size, for instance, have an 
important influence on the effectiveness of recurrent selection and must be considered. 
The frequent line recycling by the private sector and the lack of germplasm utilization 
and evaluation have been some of the limitations in improving the genetic potential of U. S. 
hybrids. Other sources of germplasm, however, will only be used if they are competitive with 
currently available germplasm (Hallauer, 1992). 
Two open-pollinated populations included in the U. S. Com Belt Dent race were 
chosen as alternative germplasm sources and as a potential heterotic pattern: Learning, a 
population that originated in southwestern Ohio, and Midland Yellow Dent that originated 
from southeast Kansas. Learning and Midland Yellow Dent were introduced in Iowa in the 
1950s and the multi-stage S1-S2 recurrent selection procedure was used to improve the 
agronomic performance of both populations in the 1980s. 
The objectives of the research were: 
1) to evaluate the direct, indirect, and correlated responses after three cycles of recurrent 
selection in both populations at five Iowa environments; 
2) to compare different evaluation methods of genetic gain; 
3) to evaluate heterotic responses between both populations before and after selection; and 
4) to estimate inbreeding depression during selection. 
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Dissertation Organization 
This dissertation is organized in five chapters. The first chapter introduces the 
importance of the research and the specific goals to be achieved. Chapter 2 reviews the 
literature related to the research. Chapters 3 and 4 include two manuscripts to be submitted to 
refereed journals. Chapter 3 reports the response to inbred-progeny recurrent selection in 
Leaming and Midland Yellow Dent open-pollinated varieties, while Chapter 4 examines the 
expression of heterosis between both maize populations. Finally, Chapter 5 discusses the 
general conclusions of the research. Two appendices are included for additional information 
related to the selection and evaluation programs. References cited throughout the dissertation 
are listed after the appendices. 
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CHAPTER 2. LITERATURE REVIEW 
Success in maize (Zea mays L.) breeding depends upon the identification and 
utilization of useful genetic diversity. Genetic diversity is considered as the amount of 
genetic variability among individuals of a variety, population, or species (Brown, 1983), and 
the genetic variability that is available for selection is the basic material for crop 
improvement (Galinat, 1974). This basic material is represented in each crop genetic 
resources. 
Maize genetic diversity is very large. It is estimated that approximately 300 races have 
been identified and are represented by 25,000 individual accessions (Goodman, 1985; 
Salhuana et al., 1998). Latin America is represented by more than 260 races, about 90% of 
world's maize diversity (Wellhausen, 1965; Sevilla and Salhuana, 1997). The breeder, 
however, needs to be able to effectively screen this genetic diversity and choose germplasm 
sources with adequate performance and genetic" variability. The identification and choice of 
useful germplasm are important factors in a breeding program (Goodman, 1985; Hallauer, 
1990; Rincon et al,. 1997). 
Since hybrid maize was introduced there has been a continuous interest in the 
conservation and utilization of maize genetic resources with the purpose of increasing the U. 
S. genetic base of maize germplasm. This challenge, however, has been limited mainly 
because of the lack of germplasm evaluation and further selection (Hallauer, 1978, 1990; 
Brown, 1983; Goodman, 1983; Rincon et al., 1997). As a consequence, exotic sources of 
germplasm have not had an impact on U. S. breeding programs. But what is exotic? The 
concept of exotic germplasm has been considered many times by maize researchers. It has 
been defined as "foreign com" (Nelson, 1972) and "maize differing in degree of adaptation to 
any particular Com Belt location" (Lonnquist, 1974). Hallauer (1978) suggested exotic 
germplasm to be "all sources of geraiplasm that are not immediately usefid or adapted for a 
specific maize improvement program", while Geadelmann (1984) considers exotic 
germplasm as "germplasm that contains new, useful genes not present in local material." A 
more general definition involves "ail sources of unadapted germplasm; domestic, temperate, 
and tropical" (Goodman, 1985). All definitions have in common that exotic germplasm 
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includes the genetic material (does not need to be foreign) that is not presently adapted to 
local maize breeding programs and, consequently, needs improvement before successful 
utilization. 
Goodman (1997) reported that less than 3 % of the U. S. commercial maize germplasm 
base could be considered as foreign exotic germplasm (tropical plus temperate) and even less 
may be expected from domestic exotic germplasm (open-pollinated varieties). Despite the 
limited germplasm base, there have been continuous and significant yield improvements 
(Duvick, 1977; Cardwell, 1982; Hallauer et al., 1988; Russell, 1984, 1991). 
Genetic vulnerability was clearly defined by Troyer et al. (1988) as the potential 
susceptibility of a crop to future attack by some biological or environmental stress due to 
growing a uniform genotype over large geographical areas. There has been concern of the 
genetic vulnerability of modem maize breeding (Brown, 1975, 1983; Sprague, 1971; 
Anonymous, 1972; Thompson, 1973; Lonnquist, 1974; Zuber, 1975; Troyer et al., 1988; 
Hawbaker et al., 1997). This concern was emphasized especially after the southern com leaf 
blight [Helminthosporium maydis or Bipolaris maydis (Nisikado) Shoemaker, race T] 
experience in 1970 that reduced U. S. maize yield 15 % (Brown, 1975; Troyer et al., 1988). 
More recently, however, an abiotic stress, drought, caused U. S. maize yields to decrease 29 
% (Edmeades et al., 1992). Genetic diversity or overall heterogeneity, however, is not an 
insurance against genetic vulnerability if we do not consider the heterogeneity within 
essential genes (Brown, 1983). The vulnerability of the 1970s was caused by a specific 
cytoplasmic homogeneity while homogeneity of nuclear genes has not been evident. Genetic 
diversity at the nuclear level is inversely related to the intensive and widespread use of a 
limited number of inbred lines (Sprague, 1971; Galinat, 1974; Zuber, 1975; Zuber and 
Darrah, 1980; Duvick, 1981; Goodman, 1992; Hawbaker et al., 1997; Moreno-Gonzalez et 
al., 1997). Moreover, double-cycle breeding of few old lines has been the basic breeding 
procedure of the hybrid industry (Lamkey et al., 1993). On the other hand, genotypic data 
have shown that genetic diversity among public lines increased from 1970 to 1979 (Smith et 
al., 1985b). Duvick (1984) added that modem plant breeding and the seed industry provide 
genetic diversity in time (through rapid cultivar replacement) and in reserve (through 
breeding programs). Something not to be ignored is the creation of new variability or 'de 
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novo' variability (Rasmusson and Phillips, 1997) through mechanisms such as transposable 
elements (Peterson, 1988) and presumably new epistatic gene combinations. 
The reduced farm-to-farm or regional hybrid diversity has also been considered 
(Anonymous, 1972, Lonnquist, 1974; Smith et al., 1987). Troyer et al. (1988) showed that 
genetic diversity values for commercial hybrids could influence farmers' choice and provide 
incentives for seed companies to broaden their genetic base. 
Despite the fact that genetic diversity within the most successful sources of elite U. S. 
germplasm still exists (Gracen, 1986), it seems unreasonable to assume that most of the 
desirable genes in maize are concentrated in the small sample of gemiplasm that U. S. 
breeders use today. More emphasis needs to be directed towards the advantages of new 
germplasm sources in increasing the genetic potential of future hybrids. Further gains may be 
expected from the creation and exploitation of additional elite germplasm pools. 
Genetic relationships among genotypes have been of more interest than increasing U. 
S. germplasm base. This fact, however, is mostly related with improved sources of 
germplasm and their potential in heterotic combinations. Collins (1910) was one of the first 
breeders to realize that genetic diversity of parentage is important for hybrid vigor or 
heterosis. This concept was first applied empirically by the planned (Enfield, 1866, p.71) and 
controlled hybridization of complex hybrid mixmres (Brown, 1953) made by farmers in the 
last century (Brown, 1950; Anderson and Brown, 1952). This interest on heterotic 
combinations and diversity evolved into the development of genetic distance measurements 
among genotypes, such as the Malecot's coefficient of coancestry, pedigree relationships, 
biochemical assays, heterosis measurements, and the assessment of genetic relationships 
based on DNA marker data (Smith et al., 1987; Senior et al., 1998). The information has 
been very usefiil to assess diversity among U. S. maize genotypes (Smith et al., 1985a,b; 
1987; Walton and Helentjaris, 1987; Doebley et al., 1988; Smith, 1988; Murray et al., 1988; 
Dubreuil et al., 1996; Labate et al., 1997). Stuber (1994) stated that genetic distances based 
on marker data agree with pedigree data for assigning inbred lines to combining ability or 
heterotic groups, and determine choice of tester in a hybrid breeding program (Murray et al., 
1988). They are, however, of limited usefulness for predicting heterotic response in crosses 
between unrelated sources (Frei et al., 1986; Lamkey et al., 1987; Melchinger et al., 1990, 
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1991; Dudley, 1993; Stuber, 1994; Manjarrez-Sandoval et al., 1997; Melchinger, 1997; 
Fabrizius et al., 1998). Moreover, Dudley (1993) suggested that molecular markers are less 
useful than detailed pedigree information unless markers linked to quantitative trait loci 
(QTLs) for performance can be identified and extensively used in producing such groupings. 
Currently, there is little published evidence documenting successful manipulation of QTLs in 
maize using marker-facilitated technology (Stuber, 1994), and results from different studies 
with the same genetic backgrounds have been inconsistent (Beavis, 1994). 
Genetic divergence among genotypes of the same species is the difference in gene 
frequencies among them (Cress, 1966), and it is an important component of heterosis 
(Falconer and Mackay, 1996). The lack of heterotic response, however, is not always a 
consequence of limited genetic divergence. Sometimes negative heterotic contributions at 
certain loci cancel positive responses at other loci giving a small hybrid response. In addition, 
there is a restricted range of divergence for the expression of heterosis (Moll et al., 1965). 
The phenomenon results from genie imbalances or inharmonious gene combinations in 
crosses of overly divergent populations. In most instances, however, the amount of heterosis 
is indicative of unrelated parental sources (Moll et al., 1962; Troyer and Hallauer, 1968), 
which has been demonstrated through diallel studies of agronomic performance based on 
pedigree relationships (Hallauer and Miranda, 1988; Hallauer et al., 1988). The results of 
these studies also helped serve as bases for the empirical classification of heterotic patterns. 
Several heterotic patterns have been utilized (Brown, 1975; Hallauer, 1978; 
Wellhausen, 1978; Gerrish, 1983), and there seems to be a need for increasing the number of 
successful heterotic combinations (Duvick, 1981). Most of the U. S. maize hybrid industry is 
based on only one heterotic pattern (Iowa Stiff Stalk Synthetic x Lancaster Sure Crop). It 
represents a very small sample of the U. S. Com Belt Dents, a variable race that originated by 
the cross of Southern Dents (of Mexican origin) and Northern Flints (Anderson and Brown, 
1952; Wellhausen, 1956; Wallace and Brown, 1956; Loimquist, 1974; Goodman and Brown, 
1988). The impact of Iowa Stiff Stalk Synthetic (BSSS) as a member of a heterotic group 
has been more important than its originator Reid Yellow Dent (Gracen, 1986). BSSS is often 
considered a Reid Yellow Dent type because heterosis is greater in variety crosses with 
Lancaster Sure Crop types than in crosses with Reid Yellow Dent types. BSSS was 
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developed by intermating a 16-line sample of lines having mostly Reid Yellow Dent 
germplasm, and BSSS has had its divergence trend increased through selection. Molecular 
studies with restriction fragment length polymorphisms (RFLPs) have shown that early 
released lines from BSSS are similar to lines derived from Reid Yellow Dent. Inbred lines 
developed from BSSS, such as B37 and B73, however, were shown to be more similar to 
Midland Yellow Dent and Lancaster Sure Crop derived sources than to Reid Yellow Dent 
(Murray et al., 1988). It is also important to note that Mo 17 (more representative of Lancaster 
Sure Crop) was developed from a cross of C103 (Lancaster Sure Crop) and CI. 187-2 (Krug) 
and Krug is primarily Reid Yellow Dent (Baker, 1984; Gracen, 1986). 
It has been reported that a greater number of yellow dent germplasm choices are 
included within tropical germplasm than within the temperate sources (Wellhausen, 1956, 
1965; Hallauer and Sears, 1972; Goodman, 1985; Iglesias and Hallauer, 1989; Hallauer, 
1978, 1992; Menz and Hallauer, 1997). The time that is required for choosing and for 
adapting tropical germplasm is, however, the main limitation. Maize is photosensitive and 
behaves as a short-day plant. Its adverse photoperiod response masks desirable characters in 
temperate environments. 
Although improvement of most U. S. Com Belt Dent landraces is many years behind 
current breeding materials, the landraces have the advantage of having a similar adaptation 
history. Hundreds of U. S. Com Belt Dent varieties have been described (Georgeson et al., 
1891; Sturtevant, 1899) but most of them have disappeared (Goodman and Brown, 1988). 
These open-pollinated varieties, or landraces, can be the basis of germplasm improvement for 
today's hybrid maize. They exhibit greater genetic variability and do not represent the 
modem variety concept of improved uniform populations. 
Tsotsis (1972) and Kauffinan et al. (1982) have shown that U. S. maize breeders have 
neither evaluated nor used a vast array of domestic germplasm. They evaluated nine open-
pollinated varieties in diallel crosses with the objective to compare the more frequently used 
heterotic pattern with other potential heterotic combinations. Among the variety crosses 
tested, there were specific heterotic responses exceeding the Reid Yellow Dent x Lancaster 
Sure Crop heterotic pattern. One of the best crosses was Learning x Midland Yellow Dent, 
and the high midparent heterosis values were not due to the low performance of both 
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varieties (Table 1). Both varieties in combination were identified as an alternative heterotic 
pattern to the current elite one. Therefore, lines derived from these varieties should have a 
potential in crosses with each other and with the currently used Lancaster Sure Crop lines. 
Their conclusion was that new source populations with sufficient parental genetic diversity 
could be identified in the U. S. domestic germplasm (Tsotsis, 1972). 
Table 1. Yields (Mg ha ') of five U. S. open-pollinated (O. P.) maize varieties (diagonal) 
and their diallel crosses (above diagonal) at two locations in 1970. Adapted from 
Kauffman et al. (1982) and Hallauer et al. (1988). 
O. P. Varieties 
OP. Varieties Midland Leaming Lancaster Reid Krug 
Midland 6.04 6.43 6.99 6.22 6.21 
Leaming 121.60^ 4.54 6.05 4.85 5.88 
Lancaster 132.60 133.85 4.49 5.79 5.71 
Reid 107.43 96.23 115.57 5.53 4.63 
Krug 112.30 122.50 118.96 87.36 5.02 
* Midparent heterosis estimates are below diagonal (%). 
Other potential heterotic combinations (not shown) were Learning x Osterland Yellow 
Dent, Leaming x Hays Golden, and Krug x Hays Golden (Kauffinan et al., 1982). 
Learning is a population that has been referenced as the oldest maize variety in the U. 
S. Corn Belt (Bowman and Crossley, 1908; Lloyd, 1911; Troyer, 1931) and the first popular 
maize variety (Troyer, 1994). Its popularity was based upon average yields of over 6.5 Mg 
ha"' (first reported in 1827) compared with normal yields in that area of 1.6 Mg ha"' 
(Learning, 1883; Lloyd, 1911; Troyer, 1994). These greater yields were in part due to a 
careful and thorough cultivation routine of Christopher Leaming (Learning, 1883). As a 
consequence, "Leaming's com" (as it was named), increased in popularity near the end of the 
19^ century and covered more than 30 % of the yellow maize grown in the U. S. Com Belt 
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during the first decade of this century (Lloyd, 1911, Troyer, 1994). It became the most 
important yellow variety at that time in the United States demonstrating the ability of 
adapting itself to different conditions (Lloyd, 1911; Sanders, 1929, p.45). Environmental 
limitations reported were lack of adaptation to sandy soils in South Carolina, and some 
susceptibility to worms and smut in New Mexico. On the other hand, reports from Alabama 
and Missouri showed good adaptation to thin soils. 
The origin of the Learning open-pollinated variety is not quite clear although two 
hypotheses have been proposed. The first hypothesis is that Leaming was developed by 
Christopher Leaming using seed from Kentucky in Hamilton County, southwestern Ohio in 
1826 (Lloyd, 1911). This seems to be a hypothesis supported by Bowman and Crossley 
(1908) and Ten Eyck (1913). The second hypothesis considers Jacob Spicer Leaming 
(Christopher's son) the originator of Leaming after buying seed from a neighbor near 
Wilmington, Clinton County (southwestern Ohio) in 1856 (Lloyd, 1911; Abbott, 1911; 
Montgomery, 1913). These two hypotheses seem to be related since De Kruif (1928) relates 
that Christopher Learning began with the old reddish-black kind of maize that the Indians 
knew was good for that particular area of Ohio. J. S. Leaming introduced the new seed and 
kept selecting for a specific type. In either case there is no doubt that Leaming was one of the 
first varieties to emerge from the controlled blending between Southern Dents and Northern 
Flints, considering the dates of U. S. Com Belt Dents origin reported by Brown (1950). 
Leaming was the first maize variety to be systematically improved in the United States 
(Bowman and Crossley, 1908; Troyer, 1931). With recurrent mass selection a type was fixed, 
its maturity was influenced, and unfavorable heredity was avoided. Good cultural practices 
complemented the improvement to the point that J. S. Leaming was considered the father of 
the drill com, in addition to his reputation to control weeds. The Learning type was 
developed by mass selection that, contrary to the belief of De Kruif (1928), was supported by 
parental control. Learning (1883) reported what he called Dr. Sturtervant's method of 
detasseling nondesirable stalks before flowering. Abbott (1911) related that in Learning's 
management all the weak and barren stalks were discarded. In the 19(X)s, Leaming was a 
variety often used as fodder and this was an influence of selecting for earliness. Mr. Learning 
practiced indirect selection on earliness. Tapering of ears and stalks was the focused trait 
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since he thought that it was associated with earliness. Tapered ear shape is a very typical 
characteristic of Learning. It had also been reported to be the variety of highest feeding value 
as determined by chemical analyses (Lloyd, 1911; Troyer, 1931). Abbott (1911) describes 
Learning, and some of its distinguishing characteristics are listed in Table 2. Improved 
versions of.Learning were available (Georgeson et al., 1893) depending on the location 
where it was grown, and Chester Learning was the one used by E. M. East, D. F. Jones, and 
J. H. Holbert for inbred line development (Wallace and Brown, 1956, p. 91). Sturtevant 
(1899) described five different improved strains of Learning. 
Leaming's early importance was reflected in Dr. East's studies on inbreeding and 
hybridization at the Connecticut Experiment Station beginning in 1905 (Crabb, 1947; Hayes, 
1963). He preferred to use Learning lines as inbred parents (Troyer, 1994). At that time East 
had more desirable inbreds than did Shull (Wallace and Brown, 1956). One of the earliest 
inbreds (in East's studies) was Learning 1-6, which showed evidence of inbreeding 
depression through low pollen production. In 1911, Learning inbreds (after five generation of 
self-pollination) were grown adjacent to their Fi crosses (Hayes, 1963) and one of these Fi 
Learning crosses was used as female parent for Dr. Jones's double-cross hybrid (Crabb, 1947; 
Hayes, 1963; Troyer, 1994). The male parent was a single cross of two lines derived from 
Burr's White variety, a Illinois open-pollinated variety used for chemical analyses by C.G. 
Hopkins since 1896 (Hopkins, 1974). Therefore, these varieties contributed to make hybrids 
economically viable. The first single cross (Copper Cross) sold in Iowa (1924) had one of the 
Connecticut Learning strains used as female (Crabb, 1947; Hayes, 1963; Troyer, 1994). 
Leaming open-pollinated variety participated in the 0h07 family development through 
inbred line Dlinois L (Baker, 1984). Baker (1984) stated that Illinois L was a line developed 
by J. R. Holbert directly from Leaming (while doing studies in self-pollination at the USDA), 
but Henderson (1976) shows that Dlinois L came from a strain named Mann Learning. There 
are still 10 second-cycle lines being used in this family. Examples of lines derived from 
0h07 are F478^ FR3, FR5, H103^ Pa84, Pa94, N7, N7A, N7B, Oh07A, Oh07B, Oh07K, 
Oh07N, Oh509A, OhSlS, 0h570, andOh572 (Anonymous, 1974,1981). 
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Table 2. Main traits of Learning (Abbott, 1911) and Midland Yellow Dent open-pollinated 
(O. P.) maize varieties (Salmon, 1926; Mohler, 1929). 
O. P. Varieties 
Trait Learning Midland 
Maturity (days) 
Plant height (cm) 
Stalk 
Tassel 
Ear 
Ear length (cm) 
Ear circumference (cm) 
Cob 
Kernel row number 
Kernel indentation 
100 
210 to 240 
tapering 
big and large ni 
tapering / large shank 
18.0 to 25.4 
17.8 to 19.1 
tapering / red 
16 to 22 (irregular) 
Dimple dented 
120 to 125 
244 to 274 
wide and cylindrical 
of branches 
no tapering 
22.8 to 24.1 
17.8 
red 
18 to 20 
Dimple to wrinkled 
Germplasm Resources Information Network (G.R.I.N.). 
LE23 is one of the non-Reid Yellow Dent inbreds that was used to form BSSS, and it 
was derived from Learning via Dlinois Low Ear (Baker, 1984, Troyer, 1994). Illinois Low 
Ear was derived from a series of experiments based on divergent selection for ear height in 
Learning (Smith, 1909; Montgomery, 1913, p. 89). Hy inbred, another line used for the 
development of BSSS, originated from Illinois High Yield. This strain developed at the 
Illinois Experiment Station may have originated from Chester Learning (Wallace and Brown, 
1956). This assumpdon can be supported by J. R. Holbert's studies with Hy inbred line 
(Hayes, 1963). Smith and Brunson (1925), however, did not report Learning as the variety 
chosen. Other lines developed directly from Leaming during ±e period 1948-1972 are Pa31, 
Pa36,4451 (via Illinois Low Ear), while R59, NC224, NC234, NC236 (via Illinois Low Ear), 
N7A, N7B, and A545 are derivatives containing 25 to 50% of Leaming germplasm 
(Henderson, 1976). Inbred N7A (Compton et al., 1974) had an important market influence 
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(Zuber, 1975; Zuber and Darrah, 1980; Goodman and Stuber, 1980). Table 3 includes a 
representative list of the inbred lines developed from Leaning. Wallace and Bressman 
(1937) indicated that one of the leading open-pollinated varieties in the central and eastern U. 
S. Com Belt was Learning. Wallace and Brown (1956) stated, however, that Learning inbred 
lines were not being used in the modem hybrids of that time. 
Table 3. More important maize inbred lines including more than 25 % of Leaming 
germplasm. 
Inbred Derivation^ Origin 
Leaming 1-6 Leaming (East's studies) Connecticut/Dlinois 
Dlinois L Mann Leaming Dlinois 
LE23 Leanndng (Dlinois Low Ear) Dlinois 
Hy Chester Leaming? Dlinois 
4451 Learning (Illinois Low Ear) Dlinois 
4211 Dlinois Low Ear x Funk 176A Dlinois 
R59 L317 X Dlinois Low Ear Dlinois 
N7A 0h07 X BSSS Nebraska 
PaSl Learning Pennsylvania 
Pa36 Learning Pennsylvania 
0h07 CI.540 X Dlinois L. Ohio 
NC224 Dlinois Low Ear x Weekleys Impr. North Carolina 
NC234 T204 (Huffman x Dlinois Low Ear) North Carolina 
A545 A334 x 0h07 Minnesota 
CL44 L97 X 0h07- USDA 
FR3 Oh43 X 0h07 France 
^ Henderson (1976). 
Anonymous (1974, 1981). 
Germplasm Resources Infomiauon Network (G.R.I.N.). 
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Midland Yellow Dent is one of the few prominent U. S. Com Belt Dent varieties that 
have been used (Baker, 1984; Gracen, 1986; Goodman and Brown, 1988). The origin of the 
of the variety is unknown but O. A. Rhodes in Columbus, Cherokee county, southeast 
Kansas, followed a certain yellow-maize type in the late 1800s (Salmon, 1926; Mohler, 
1929). Midland Yellow Dent was included in variety tests at the Kansas Agricultural 
Experiment Station in 1913, and some of its characteristics are shown in Table 2. 
Baker (1984) has classified Midland Yellow Dent as an important, though not leading, 
medium to late yellow dent variety. Since it is adapted to lower latitudes than Learning it is 
more vigorous, leafy, and with heavy stalks, traits that are similar to tropical germplasm 
when grown in higher latitudes. The adaptation of Midland Yellow Dent to southeast Kansas 
has been demonstrated through its better performance than other varieties (Cunningham and 
Wilson, 1921; Mohler, 1929). Midland Yellow Dent was also a good source of disease 
resistance. A typical characteristic of Midland Yellow Dent is its kernel type. Kernels are 
narrow but thick in proportion to their width when compared with other varieties, and their 
indentation is often wrinkled. 
Several inbred lines have been developed directly from Midland Yellow Dent. Gracen 
(1986) lists seven inbred lines that have been used mainly in the western U. S. Com Belt. 
These are B57, CI.31, Kll, K12, K201, K201G, and Oh422. Russell et al. (1971) reported 
the Iowa release of B57 in 1963. Hallauer (1978) indicated that B57 was the most recently 
developed yellow dent line from an open-pollinated variety. Although B57 was one of the 25 
more frequently used lines in 1970 (Sprague, 1971), its commercial importance was reduced 
in few years, which is clearly shown in the ASTA survey of 1975 (Zuber, 1975). In addition, 
B57 was not included in pedigree surveys in 1979 (Zuber and Darrah, 1980; Smith et al., 
1985b; Gracen, 1986). B57 was one of 12 parental inbred lines used to form BS20 (Iowa 
Late Rootworm Synthetic), and it was indirectly included in BS21, both synthetic cultivars 
developed by Dr. W. A. Russell. B57 was 75 % of the germplasm of the Arkansas line 
AR214 (Anonymous, 1981) and has participated in developing inbred line B76. CI.31 is a 
line that was developed by Iowa State University under the name of CI.31 A (Henderson, 
1976). Its origin is normally referred as Midland "A" O. P. (Anonymous, 1981), and it was 
presimiably named by the United States Department of Agriculture (USDA) as CI.31. Lines 
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Kl l ,  K12 ,  K201 ,  and  K201G were  deve loped  by  Kansas  S ta te  Unive r s i ty  and  a re  100  % 
Midland Yellow Dent. Oh422 originated from the Ohio Agriculture and Research 
Development Center, and it also was derived directly from Midland Yellow Dent. Midland 
Yellow Dent was included as one parent in the development of Mo6, Mo7, and N9A lines, 
and was used in a small percentage for Va44. A listing of Midland Yellow Dent lines is 
shown in Table 4. 
Table 4. More important inbred lines representing more than 25 % of Midland Yellow Dent 
maize germplasm. 
Inbred Derivation^ Origin 
B57 Midland Yellow Dent Iowa 
B76 (CI.31AXB37) B37 Iowa 
CI.31A Midland Yellow Dent lowa/USDA 
Kl l  Midland Yellow Dent Kansas 
K12 Midland Yellow Dent Kansas 
K201 Midland Yellow Dent Kansas 
K201G Midland Yellow Dent Kansas 
N9A WF9 X Midland Yellow Dent Nebraska 
Oh422 Midland Yellow Dent Ohio 
AR214 (B57 X fl2) B57 Arkansas 
Mo7 Midland Yellow Dent x T8 Missouri 
Henderson (1976). 
Anonymous (1974, 1981). 
Germplasm Resources Information Network (G.R.I.N.). 
Learning and Midland Yellow Dent inbred lines are not being used extensively today. 
One of the reasons is that they were not included in programs to develop improved sources of 
germplasm. This does not preclude nor avoid the possibility of improving these sources 
through Fa pedigree selection of already available lines. Recurrent selection, however, seems 
to offer better selection procedures for germplasm enhancement and source improvement for 
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inbred lines (Hallauer, 1978). Learning and Midland Yellow Dent are being improved, and 
emphasis on their heterotic combination should be continued by methods designed for this 
purpose. Heterotic response is dependent on genetic divergence and requires the presence of 
dominance (Falconer and Mackay, 1996). The heterotic response has been improved by 
continuous selection for dominant alleles and increasing genetic diversity and genetic 
divergence between genotypes (Eyherabide and Hallauer, 1991a,b; Keeratinijakal and 
Lamkey, 1993a,b; Menz and Hallauer, 1997, Labate et al., 1997). Table 5 shows the 
improvement in the heterotic expression of maize populations after interpopulational 
selection programs. 
Table 5. Midparent (MP) and highparent (HP) heterosis for grain yield from nonselected and 
selected crosses reported in interpopulational selection programs. 
Population Grain yield 
crosses MP HP References 
BS 10(FR)C0 X BS11 (FR)CG 2.5 0.0 Eyherabide and Hallauer (1991a) 
BS 10(FR)C8 X BS 11 (FR)C8 39.5 34.1 Eyherabide and Hallauer (1991a) 
Increase 37.0 34.1 
BSSS(R)CO X BSCB 1(R)C0 25.4 19.4 Keeratinijakal and Lamkey (1993a) 
BSSS(R)C11 X BSCB1(R)C11 76.0 72.4 Keeratinijakal and Lamkey (1993a) 
Increase 50.6 53.0 
BS21(R)C0xBS22(R)C0 1.0 0.0 Menz and Hallauer (1997) 
BS21(R)C6 X BS22(R)C6 25.4 22.5 Menz and Hallauer (1997) 
Increase 24.4 22.5 
Recurrent selection was suggested as a method of increasing the frequency of favorable 
alleles for traits with polygenic inheritance while maintaining genetic variability for 
continued genetic improvement (Jenkins, 1940; Hull, 1945; Comstock et al., 1949; Homer, 
1956). These two goals are achieved first by the evaluation of progenies in multiple 
environments and second by the recombination of a large enough sample of selected 
progenies (Hallauer, 1990). The creation of a family structtire and progeny testing in multiple 
environments allow the separation of genetic effects from environmental effects. Ideally, we 
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desire to obtain a source population with high mean performance and high frequency of 
favorable alleles. It should also have low genetic variance at loci homozygous for favorable 
alleles and high genetic variance at loci lacking favorable alleles (Dudley, 1982). 
Recurrent selection has been used in a limited way by conunercial maize breeders 
(Good, 1990). There was an attempt to compare various recurrent selection methods with the 
pedigree method of developing inbred lines (Duvick, 1977; Good, 1990). However, the 
development of elite inbred lines depends on the improvement of sources of germplasm, both 
genetically narrow and broad based populations. An important similarity is that both methods 
use evaluation strategies. Both breeding methods need to be complementary and will only be 
successful if both are given the same importance. Recurrent selection studies in maize were 
developed to obtain improved sources of germplasm for the potential extraction of inbred 
Unes and their possible use in hybrids (Hallauer, 1985). 
Inbred progeny selection is the intrapopulation recurrent selection method that has, in 
theory, the advantage of the highest expected genetic gain per selection cycle (Comstock, 
1964; Hallauer and Miranda, 1988), and it should be an efficient method of improving 
populations as sources of inbred lines (Smith, 1979b). However, if a winter nursery is 
available and comparisons are made on estimates of genetic gain per year, inbred progeny 
selection has no clear advantage over other recurrent selection methods. The following 
prediction formula of genetic gain (Eberhart, 1970; Hallauer, 1985) includes selection 
differential values (k), parental control (c), genetic variance (G^o), years per cycle (y), and 
the square root of the phenotypic variance (Gp): 
AG=kcG2G/yGp.  . . . [1 .1 ]  
Since components of genetic variance change with inbreeding (Hallauer and Miranda, 
1988) each selection method will have its own distribution of those components. Assuming 
that the frequency of favorable and unfavorable alleles for a particular trait is equal and that 
there is independence in gene action (no epistasis) and in gene transmission (no linkage), the 
components of genetic variance among Si progenies are: 
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G2O = G2A + 0.25G2D. ...[1.2] 
Additive genetic variance (G^a) is four times more important than dominance genetic 
variance (Q^d) but if we consider the variation among S2 progenies, G^a is expected to be 50 
% larger than among Si progenies although the standard phenotypic deviation among So 
progenies is expected to be larger too: 
G2o= 1 .5G2A +  0 .19G2D.  . . . [1 .3 ]  
The level of heterozygosity of the progenies evaluated is reduced and inbreeding is a 
determinant factor for the new distribution of the genetic variance. The additive variance is 
emphasized as the more important cause of resemblance between relatives, and, therefore, is 
mainly responsible for the response to selection (Falconer and Mackay, 1996). 
Three and four generations per cycle are normally needed for the Si and S2 family 
selection methods, respectively. The basic scheme consists on generating Si or S2 families, 
evaluating inbred families in replicated trials, and recombining remnant seed from selected 
progenies (Figure 1). The evaluation and recombination phases can be combined in the same 
season (Dhillon and Khehra, 1989). Direct effects of selection are measured through selfed 
populations while indirect effects are measured by populations per se (Hallauer, 1992). 
Advantages of inbred progeny selection include greater heritability of traits, easy 
detection of desirable genotypes and development of inbred lines, and the elimination of 
deleterious alleles (Hallauer et al., 1988). Iglesias and Hallauer (1989) stated, however, that 
the selection against unfavorable alleles must be carefully performed since many favorable 
exotic alleles may be linked with undesirable factors. Moreover, the fixation of favorable as 
well as unfavorable alleles may be important with small population sizes. Mulamba et al. 
(1983) reported a considerable reduction in genetic variability (55.2 %) in BSK(S)C8 with 
respect to other selection methods suggesting fixation of loci and consequently less potential 
for improvement. 
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Figure I. Basic scheme of recuaent selection based on inbred family selection. 
Genetic improvement through Si or S2 families has been used for a broad range of trails 
(Hallauer, 1992). Selection for improved stalk quality (Devey and Russell, 1983), resistance 
to pests and diseases (Penny et al., 1967; Jinahyon and Russell, 1969; Devey and Russell, 
1983; Klenke et al., 1986), for cold tolerance (Mock and Bakri, 1976; Hoard and Crosbie, 
1985), as well as selection for yield have been practiced. Table 6 lists breeding programs that 
conducted inbred progeny selection for at least three selection cycles. 
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Table 6. Genetic gains in populations per se for grain yield from maize selection 
experiments based on inbred progeny selection. 
Population Cycles Genetic gain (AG)^ References 
% cycle"' 
BSK(S)C4* 4 4.1 Burton et al. (1971) 
BSK(S)C4 4 2.5 Center and Eberhart (1974) 
BSK(S)C5 5 3.1 Hallauer (1978) 
BSK(S)C8 8 2.9 Tanner and Smith (1987) 
BSK(S)C8 8 4.0 Rodriguez and Hallauer (1988) 
BS13(S)C4 4 1.3 Helms et al. (1989) 
BS13(S)C6 6 0.2 Lamkey (1992) 
BS13(S)C6 6 1.2 Holthaus and Lamkey (1995) 
BS11(S)C5 5 2.2 Weyhrich et al. (1998a) 
BS1I(S)C4 4 4.8 Weyhrich et al. (1998a) 
BS16(S)C3 3 3.2 Rodriguez and Hallauer (1988) 
BS16(S)C4 5 -1.2 Iglesias and Hallauer (1989) 
BS2(S)C4 4 6.0 Rodriguez and Hallauer (1988) 
BS2(S)C5 5 4.5 Iglesias and Hallauer (1989) 
VCBS(S)C4 4 5.4 Center and Eberhan (1974) 
BSSS2(S)C3 3 6.2 Oyervides-Carci'a and Hallauer (1986) 
BSTL(S)C5 5 5.2 Iglesias and Hallauer (1989) 
^ Values are based on AG =({[Cii - CO] / CO} x 100) / n. 
^ S = Inbred progeny selection. 
Two-stage selection (Si + St recurrent selection) has been a cost-effective methodology 
(Hallauer, 1992). In the first stage, traits with relatively higher heritability estimates than 
yield are evaluated among and within Si progenies in the target environment based on large 
sample sizes, while in the second stage selected So progenies are evaluated in replicated yield 
trials. Following testing, remnant Si seed of the superior S2 progenies is recombined. 
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It seems that additive effects of alleles with dominance (partial to complete) account 
for greater portion of the genetic variability in genetically broad-based populations (Tanner 
and Smith, 1987, Hallauer, 1992). Based on this assumption, inbred progeny selection seems 
to be appropriate. Inbred progeny selection for yield, however, was not as efficient as 
predicted. Discouraging results were obtained on many occasions. Three populations were 
studied using the two-stage (Sj-Si) procedure (Iglesias and Hallauer, 1989), and because 
these populations included exotic germplasm emphasis was given to maturity in the Si 
progeny stage. A common result was the lack of selection response for yield after their third 
cycle of selection. Selection responses in adapted germplasm have shown the same trend. 
Tanner and Smith (1987) have shown no selection response in BSK after four cycles of 
inbred progeny selection. Hallauer (1978) reported, however, a 3.1 % cycle"' increase after 
five selection cycles for the same population. Lamkey (1992) showed no selection response 
after four and six selection cycles in BS13. The same population showed no response after 
four cycles of selection (Helms et al., 1989). On the other hand, Weyhrich at al. (1998a) 
showed the superiority of Sz recurrent selection over five other recurrent selection methods 
after four cycles of selection in BSll. 
Some reasons for the lack of selection response in inbred progenies have been reported. 
The direction and amount of dominance can vary from gene to gene and can decrease the 
importance of additive effects (Kearsey, 1993). The importance of dominance variance in 
inbred progeny selection is usually minimized but as shown in equations 1.2 and 1.3 the 
dominance variance ranges from 11 to 20 % of the total genetic variance, values that should 
not be underestimated. 
An increased frequency of favorable alleles is the consequence of selection response. 
This can be achieved not only by changing additive effects but also with the complement of 
dominance effects, although effects are not always complementary (Stojsin and Kannenberg, 
1994). Effective population sizes may also have been responsible for limited selection 
responses (Tanner and Smith, 1987; Weyhrich et al., 1998b), especially in early cycles when 
frequencies of desired alleles were low. Negative correlations between traits selected in 
different stages (e.g. Si-Si selection) could be another cause (Oyervides-Garcia and Hallauer, 
1986; Iglesias and Hallauer, 1989). Hallauer (1992) suggested that the lack of selection 
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response after 2 to 3 cycles of Si-Si selection could be the elimination of high-yielding 
genotypes due to intense selection for traits, such as pest resistance, which may cause a 
severe competition for photosynthates. 
There has been considerable effort to compare the progress of inbred progeny selection 
with half-sib family selection. No conclusive results have been reported in favor of one 
method or the other (Hallauer and Miranda, 1988; Hallauer et al., 1988; Hallauer, 1992; 
Moreno-Gonzalez and Cubero, 1993). There has not been, however, enough research in 
combining both methods. 
Line performance differs from the performance of derivative hybrids. Therefore, the 
modification of the inbred-progeny selection methodology would seem reasonable. Mild 
selection among inbred progenies and yield evaluation of top-cross seed from acceptable 
progenies have been proposed as changes to facilitate continued selection response (Goulas 
and Lonnquist, 1976; Moreno-Gonzalez and Hallauer, 1982; Hallauer, 1992). S1-S2 inbred 
progeny selection followed by half-sib progeny selection is being utilized (Hallauer, personal 
communication). 
Few attempts have been made to provide direct information in the causes of response 
to recurrent selection, and to overcome limitations such as those discussed above. One of the 
goals of recurrent selection within a population is to increase the frequency of favorable 
alleles, but this change in allele frequencies has usually not been evaluated directly. 
Evaluation of progress from recurrent selection (AG) within a specific selection program has 
been done in few ways. Most studies considered the changes (per cycle) in the mean of a 
population over selection cycles (Cn) as follows: 
AG (% cycle"') = ({[Cn - CO] / CO} x 100) / n. ... [ 1.4] 
Others have assessed selection response by the regression of the desired traits on cycles of 
selection. Both evaluation methods do not explain, however, how mean changes are related 
to changes in allelic frequencies and to inbreeding due to selection and genetic drift (Smith, 
1979a). Genetic models based on generation mean analysis have been developed for this 
purpose (Burton et al., 1971; Hammond and Gardner, 1974; Smith, 1979a,b, 1983). Gardner 
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and Eberhart (1966) developed a variety diallel model in which means were related with their 
appropriate genetic expectations. Hammond and Gardner (1974) modified the model in order 
to evaluate genetic gain after selection. This allowed the estimation of changes in allelic 
frequencies and the partition of progress from selection into effects due to homozygous and 
to heterozygous loci. This model, however, did not provide unbiased estimates with small 
standard errors (Smith, 1979b) and did not include the effects due to changes in the level of 
inbreeding (Smith, 1979a). Based on these limitations. Smith (1979a) proposed a genetic 
model to interpret changes in the population mean under selection not only as a function of 
allelic frequencies and allelic effects but also based on the importance of inbreeding 
depression as a limit to potential gains. The model requires data from selection cycles, selfed 
cycles, crosses and selfed crosses of two populations, and has the power to obtain estimates 
of the contributions of additive as well as dominance effects to population means, estimates 
of heterosis, and estimates of realized response to selection adjusted for genetic drift. Basic 
assumptions of the model include Hardy-Weinberg equilibrium, diploid inheritance, and no 
epistasis. 
The first application of the Smith's model was in the reciprocal recurrent selection 
(RRS) among BSSS and BSCBl populations. Eberhart et al. (1973) reported nonsignificant 
regression coefficients for the evaluation of BSSS(R) and BSCBl(R) populations per se. The 
model, however, showed significant values for the average changes in allelic frequencies, 
which indicated the effectiveness of RRS in increasing the frequency of favorable alleles. 
Considerable inbreeding depression was reported as being responsible for the nonsignificant 
changes in their means during selection (Smith, 1979a). Half-sib selection in BSSS showed 
significantly less inbreeding depression due to genetic drift than BSSS using RRS although 
the same number of lines was used for recombination for both methods (Smith, 1979a). 
Inbred progeny selection also has exhibited less inbreeding depression than RRS (Oyervides-
Garcfa and Hallauer, 1986). This can be explained because selection for yield based on S2 
progenies produced important changes in frequency of additive effects while the changes in 
frequency of dominance alleles were more important after eight cycles of reciprocal recurrent 
selection. This conclusion about genetic effects was supported by Helms et al. (1989) 
working with the same populations. Tanner and Smith (1987) found, however, that inbred 
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progeny selection was associated with higher values of genetic drift while Garay et al. (1996) 
did not obtain a significant estimate of genetic drift after two cycles of Si recurrent selection. 
Stojsin and Kannenberg (1994) evaluated five populations and four different selection 
methods and reported that the type of change that occurs in allelic frequencies was 
determined more by the selection method than by population type. This gives some insight to 
the differential influence of selection methods on tj'pe of changes. 
Smith (1979b) evaluated half-sib and Si recurrent selection in BSK (data from Burton 
et al., 1971) with his proposed model. Mean changes were found to be a function of 
inbreeding depression, and he concluded that the effects of small population sizes may be 
larger than the effects due to selection. Genetic drift and selection are the two main forces 
affecting allelic frequencies, and, therefore, the effectiveness of any selection method will 
depend on their balance (Stoj§in and Kannenberg, 1994). Estimates of genetic drift under the 
Smith's model have been reported to be negative for yield in most studies (Iglesias and 
Hallauer, 1989; Eyherabide andHallauer, 1991b; Keeratinijakal and Lamkey, 1993b; Stojsin 
and Kannenberg, 1994). Evaluation of selection response using the Smith's model has 
provided more information on the causes of yield improvement. A comparison of genetic 
gain estimates after evaluating populations per se is reviewed in Table 7. 
The research presented in this dissertation is the first evaluation of SpSa multi-stage 
recurrent selection in Learning and Midland Yellow Dent, two U. S. Com Belt Dent 
populations, and it is the beginning of a long-term research based upon developing a new 
heterotic pattern. Leaming is an early variety under Iowa conditions (although Lloyd (1911) 
considered Leaming relatively late in the same location) and Midland Yellow Dent is a late 
variety for the same location. The nonselected strain of Leaming is characterized by very 
poor stalk quality and being extremely susceptible to the first generation of European Com 
Borer (ECB). Mild selection among Si progenies for these traits has been done followed by 
an index selection based on repeatability of yield, moisture, and lodging among S2 progenies. 
Midland Yellow Dent needed selection for earliness and improvement of root quality, but it 
was a good source of resistance to ECB and of tolerance to drought. As in Learning, Midland 
Yellow Dent was improved by mild selection among Sj progenies and by Si progeny trials 
for more complex traits. 
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Table 7. Genetic gains of grain yield in maize populations based on estimates from the 
Smith's model (Smith, 1979a,b, 1983). 
Population Genetic gain 
Adjusted^ Unadjusted 
Reference 
Mg ha"' cycle"' 
BSSS(R) 0.356 0.344 Helms et al. (1989) 
BSSS(R) 0.259 0.118 Oyervides-Garcia and Hallauer (1986) 
BSSS(R) 0.296 0.284 Keeratinijakal and Lamkey (1993b) 
BSSS(R) 0.135 -1.170 Smith (1979a) 
BSSS(R) 0.276 0.254 Smith (1983) 
BSSS(HT) 0.344 0.331 Helms et al, (1989) 
BSCBl(R) 0.297 0.285 Keeratinijakal and Lamkey (1993b) 
BSCBl(R) 1.480 -0.920 Smith (1979a) 
BSCBl(R) 0.372 0.336 Smith (1983) 
BS13(HT) 0.496 0.483 Smith (1983) 
BS13(S) 0.226 0.207 Helms etal.(1989) 
BSK(S) 0.468 0.335 Tanner and Smith (1987) 
BSK(S) 0.197 0.014 Smith (1979b) 
BSK(HT) 0.122 -0.060 Smith (1979b) 
BSIO(FR) 0.360 0.350 Eyhdrabide and Hallauer (1991b) 
BSII(FR) 0.220 0.210 Eyherabide and Hallauer (1991b) 
EZSl(S) 0.439 0.394 Garay et al.(1996) 
EZS2(S) 0.588 0.568 Garay et al. (1996) 
CGSynA(R) 0.120 0.117 StojSin and Kannenberg (1994) 
CGSynB(S) 0.080 0.080 StojSin and Kannenberg (1994) 
CGG(HS) 0.080 0.070 StojSin and Kannenberg (1994) 
CGN(S) 0.220 0.218 Stojsin and Kannenberg (1994) 
CGW(S) 1.540 1.330 StojSin and Kannenberg (1994) 
^ Values adjusted for genetic drift. 
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CHAPTER 3. RESPONSE TO INBRED PROGENY SELECTION IN 
LEAMING AND MIDLAND YELLOW DENT POPULATIONS 
A paper prepared for submission to Crop Science 
Marcelo J. Carena''^ and Amel R. Hallauer'"^ 
Abstract 
Evaluation and selection of exotic maize {Zea mays L.) germplasm are possible 
methods to achieve greater potential yields. Therefore, enhanced populations of well-chosen 
exotic germplasm (domestic or foreign) can serve as altemative sources of new inbred lines 
for hybrid maize improvement. The objectives of this research were to evaluate the direct, 
indirect, and correlated responses of inbred progeny selection in two U. S. domestic maize 
landraces and to assess their adaptation to Iowa after selection. Three cycles of 81-82 
recurrent selection were performed in Learning, the oldest known U. 8. open-pollinated 
variety (originated in southwestern Ohio), and Midland Yellow Dent, a variety developed in 
southeast Kansas. So generations (F = 0) and their Si progenies (F = 0.5) were evaluated in 
five Iowa environments. Response to selection was effective in both populations. For grain 
yield, average increases per cycle of selection of 0.28 Mg ha"' (10.1 %) in Learning and 0.22 
Mg ha"' (14.9 %) in Midland Yellow Dent were highly significant (P< 0.01). Dominance 
genetic effects were responsible for the increase in the frequencies of favorable alleles in 
Learning. Genetic drift was nonsignificant in both populations. Favorable correlated 
responses were observed in traits that are essential for adaptation. Root lodging decreased 7.0 
% cycle"' in Midland Yellow Dent while stalk lodging decreased 3.8 % cycle"' (P< 0.01) in 
Learning. Plant and ear height followed the same negative linear trend with highly significant 
responses in both populations. 
' Dept. Agronomy, Iowa State Univ., Ames, lA 50011. 
• Part of a dissertation submitted by the author in partial fulfillment of the requirements for 
the PhD degree. 
^ Corresponding author. 
27 
Grain moisture was the only trait that did not show significant mean changes. A trend 
towards earliness in Midland Yellow Dent was associated with a significant decrease in 
flowering dates. Si-So recurrent selection was an effective method to adapt and improve both 
populations, suggesting an adequate balance between the selection among Si and S2 
progenies. More selection cycles are needed to enhance both populations for grain yield and 
research into the causes of inbreeding depression in Learning would be useful. 
Introduction 
The rate of maize {Zea mays L.) genetic improvement in the U. S. declined during the 
last decade. Regression coefficient estimates for the period 1989-1997 are similar to those for 
the period 1935-1960 in which double-cross hybrids were more commonly used (Hallauer, 
1997). Double-cycle breeding (Lamkey et al., 1993) and the limited utilization of maize 
genetic diversity (Brown, 1975; Goodman, 1985, Hallauer, 1990) are possible reasons for the 
decrease in the rate of yield improvement for U. S. maize. Exotic germplasm includes 
genetic material (which does not need to be foreign) that is not presently adapted to local 
maize breeding programs and, consequently, needs improvement before successful 
utilization. The small germplasm sample being utilized in the U. S. Com Belt today is a 
consequence of insufficient germplasm evaluation and further improvement. Some efforts to 
increase maize genetic diversity have been based upon tropical germplasm (Wellhausen, 
1965; Hallauer and Sears, 1972; Goodman, 1985; Iglesias and Hallauer, 1989; Menz and 
Hallauer, 1997; Salhuana et al., 1998). U. S. domestic germplasm has received less attention 
(Tsotsis, 1972; Kauffinan et al., 1982; Hallauer et al., 1988), even though, it has several 
advantages over tropical germplasm. Because of a similar evolutionary history to elite 
germplasm, U. S. domestic germplasm will require less time for adaptation than other exotic 
germplasm sources. Desirable traits also are not masked by photoperiod responses as in the 
case of tropical material (Goodman, 1985). 
Recurrent selection breeding procedures have been effective for germplasm 
enhancement and the development of useful sources of inbred lines. Inbred progeny recurrent 
selection has been associated, in theory, with the largest genetic gain expectations 
(Comstock, 1964; Hallauer and Miranda, 1988). Actual data, however, have shown that 
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inbred progeny recurrent selection was not as efficient as expected, especially for grain yield 
(Tanner and Smith, 1987; Iglesias and Hallauer, 1989, 1991; Helms et al., 1989; Lannkey, 
1992). The lack of continuous improvement via inbred progeny recurrent selection was 
associated with significant decreases in genetic variability (Mulamba et al., 1983; Hallauer, 
1992) as a consequence of small effective population sizes (Weyrich et al., 1998b) and 
fixation of loci associated with selection. Inbreeding depression due to genetic drift, 
however, was reported to be lower with inbred progeny selection (Helms et al., 1989; Garay 
et al., 1996) and less important than with interpopulation selection methods (Oyervides-
Garci'a and Hallauer, 1986; Rodriguez and Hallauer, 1988). 
S1-S2 multi-stage recurrent selection was designed to increase the value of agronomic 
traits while improving grain yield. To be successful, complementary selection between both 
stages of selection is essential. The objectives of this study were to report the evaluation of 
three cycles of S1-S2 recurrent selection in Learning and Midland Com Belt Dent populations 
and to assess their level of adaptation to Iowa after selection. 
Materials and Methods 
Two open-pollinated varieties included in the Com Belt Dent race were studied. 
Leaming originated in southwestern Ohio and is considered the oldest yellow maize variety 
within the U. S. Com Beit Dent race; its origin traces back to 1826 (Leaming, 1883; Bowman 
and Crossley, 1908; Lloyd, 1911; Troyer, 1931). Leaming was grown on more than 30% of 
the yellow maize production in the Com Belt (Lloyd, 1911) but its popularity decreased 
around 1920 when Reid Yellow Dent replaced it (Troyer, 1931). Leaming's popularity was 
based upon its potential grain yield and feeding value. Its contribution was evident in the 
application of the inbred-hybrid concept, participating as the female in the first double and 
single cross hybrids (Hayes, 1963). Several inbred lines were developed from Leaming, with 
0h07, N7A, and LE23 as the more successful ones. Leaming is relatively early for Iowa and 
its weaknesses are mainly poor stalks and susceptibility to European com borer, Ostrinia 
nubilalis Hiibner. 
Midland YeUow Dent originated in southeastem Kansas, and its adaptation was limited 
to that area (Cunningham and Wilson, 1921; Mohler, 1929). Midland Yellow Dent was 
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classified as a medium to late maturity yellow dent variety for the U. S. Com Belt (Baker, 
1984) and it is relatively late for Iowa. Fewer inbred lines have been developed from 
Midland Yellow Dent than fi"om Learning, but CI31A, B57, and B76 include Midland 
Yellow Dent germplasm (Russell et al., 1971; Russell and Hallauer, 1974). Midland Yellow 
Dent is susceptible to Ustilago maydis and root lodging. Its phenotypic expression in Iowa 
resembles tropical germplasm since it is vigorous, leafy, and with heavy stalks. 
A sample of Learning was introduced to Iowa from Ohio in 1982 and a sample of 
Midland Yellow Dent was introduced from Kansas in 1980. Three cycles of S1-S2 recurrent 
selection were completed in both populations. The selection method included the self-
pollination of So plants and growing the derived Si progenies in two replications. One of 
them was artificially infested with European com borer larvae and the other one was 
artificially inoculated with northern com leaf blight {Exserohilum turcicum Pass.), gray leaf 
spot (Cercospora zea-maydis Tehon and Daniels), and eyespot {Kabatiella zeae Narita and 
Hiratsuka). A 1 to 9 rating scale was used to assess European com borer damage, with 1 
showing no evidence of leaf feeding and 9 indicating extensive infestation. For leaf diseases 
a 1 (no infection) to 5 (extensive infection) rating scale was used. The first stage of selection 
was also based on maturity, stalk and root lodging, ear quality, and seed set. Selected Si 
progenies were advanced by self-pollination (additional selection at harvest was practiced) 
and their S2 progenies were evaluated with 1 to 3 replications at three locations. Simple 
lattice and randomized complete block designs were used in different cycles of selection. 
Selection was based on a heritability index (giving priority to grain yield, grain moisture, 
stalk lodging, and root lodging) for each cycle of selection. 
Seed of all entries was multiplied to produce similar seed quality. A diallel-mating 
design without reciprocals including cycle populations as parents (cycles 0, 1,2, and 3) was 
produced for each open-pollinated variety in the Ames breeding nursery during the summer 
of 1996. Eight rows, 5.47 m long and 0.76 m between rows (25 kernels per row), were 
planted for each cycle population. During pollination, four rows of cycle populations were 
intermated and the other four rows were selfed so that So and Si generations could be 
produced for each cycle population. Cycle crosses were produced in six rows per pair, and Si 
generations of the cycle crosses were produced the same way in Puerto Rico during the 
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winter of 1996-1997. A partial North Carolina Design 11 was also utilized for crosses 
between Learning and Midland Yellow Dent and their Si generations, but they are not 
analyzed in this report. 
Cycle populations, cycle crosses, and their Si generations were evaluated in 
experiments with three replications arranged in a randomized complete block design in 1997. 
Each experiment was conducted at five Iowa locations: Ames and Ankeny (central Iowa), 
Calumet (northwest), Kanawha (north central), and Crawfordsville (southeast). Twenty So 
and Si entries per diallel and variety (40 in total), four So and Si crosses among varieties 
(only cycles 0 and 3 were evaluated) and six checks comprised 50 entries. Experimental units 
were two-row plots with the same size as the ones used for selection. The difference, 
however, was that plant density was greater. Plots were over-planted with 32 kernels per row 
and thinned to an approximate plant density of 67,000 plants ha ' although final stands 
averaged 61,700 plants ha'^ for So generations and 52,100 plants ha"' for Si generations. Plots 
were planted and harvested by machines adapted for small experimental plots. 
Data were collected at all locations for stand (M ha"'), grain yield (adjusted on a 15.5 % 
grain moisture basis and expressed as Mg ha"'), and grain moisture (g kg"'). Because of two 
severe windstorms in mid-July, agronomic data were not collected in Crawfordsville. 
Therefore, root and stalk lodging (%), plant and ear height (cm), and dropped ears (%) were 
measured in four locations. Pollen and silk dates were recorded only at Ames. Stand counts 
were taken before flowering, and plant and ear heights were measured after pollination. All 
other traits were measured at harvest. 
Individual analyses of variance were conducted for each trait within each location. 
Before combining experiments, Bartlett's test for homogeneity of variances was calculated 
for error variances in all traits. Error variances were heterogeneous for all the traits except 
plant height. Since genotype by environment (GE) interactions were present (P< 0.01) for all 
the traits (except dropped ears), the GE mean square was considered the appropriate 
denominator for significance tests. Bartlett's test was again used for GE interactions on each 
trait and resulted in highly significant heterogeneity for all of the traits. The sum of squares 
for GE interactions was subdivided, and heterogeneity of variances was only present in stand 
and stalk lodging for the Midland Yellow Dent by envirotmient source of variation. 
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Therefore, some caution should be used when interpreting the probability levels in these 
traits. A combined analysis was performed for each trait across the five locations. Individual 
observations (n = 15) measured as plot means were utilized for each analysis. Expected mean 
squares were calculated following the rules of Schultz (1955) and were based on a mixed 
linear model that considered environments and replications as random effects and entries as 
fixed effects. The entry sum of squares was subdivided into five sources of variation, each 
being tested with its own GE interaction. A second subdivision of sum of squares was 
conducted within populations. Seven sources of variation were considered in each population 
and most of them were partitioned into linear and residual components (Fisher and Yates, 
1957). Repeatability estimates were obtained for each trait considering the proportion of the 
entry mean squares over their phenotypic mean squares. 
Evaluation of response to selection was based on two methodologies. The first one 
included regressing the mean yields of the selected So (indirect responses) and Si (direct 
responses) generations on cycles of selection. The second method adjusted mean changes for 
genetic drift effects, and it is based on a generation mean analysis (Smith, 1979a,b, 1983). 
With a matrix regression approach, solutions for 12 genetic parameters were obtained on the 
model of Smith (1983). The random observation vector or column vector (Y Matrix) was 
represented by the entry means (without checks) over all environments. The design matrix (X 
Matrix) included 528 elements (44 entries by 12 parameters) being each dependent on cycle 
number and genetic parameter coefficients. The vector of unknown parameters (P) was 
composed of the partial regression coefficients of the model solved using the following least-
squares analysis §= (X'X)"' X'Y. For complete details refer to Smith (1983) and Helms et al. 
(1989). All statistical analyses were performed with SAS (SAS, 1989). 
Results 
Average productivity differed among the years in which yield trials for selection were 
performed (Table A3). Only the first cycle of selection was affected by lower grain yields. 
Average selection differentials for grain yield were 0.88 Mg ha"^ for Learning and 0.92 Mg 
ha"' for Midland Yellow Dent. The average mean phenotypic selection differentials of 
selected progenies in Learning were -4.3 % for root lodging and -5.6 % for stalk lodging. The 
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selection differentials of traits used for selection in Midland were -1.5 % for grain moisture, 
-5.6 % for root lodging, and -2.9 % for stalk lodging. 
The conditions for germination and emergence were generally good in 1997. 
Precipitation during the growing season was 168 mm below normal, and effective growing 
degree days (GDD) were lower than average during the vegetative phase, which explain the 
reasons for the lower grain yield expression. Grain moisture levels were less than average 
because of very good drying conditions before harvest. The average grain yield estimate in 
Iowa (1997) was 8.6 Mg ha"' compared with the maximum average yield of 9.5 Mg ha ' 
reported in 1994. The yield of B73 x Mol7 in the testing year was 6.3 Mg ha ' over 13 
environments and the best check population, BSl 1(FR)C12 Synl, had an average yield of 5.9 
Mg ha''. Average grain yields of C2 x C3 diallel crosses were 3.8 Mg ha"' and 3.6 Mg ha ' 
for Learning and Midland Yellow Dent varieties, respectively, in relation to an average yield 
of all checks of 5.1 Mg ha '. These below average yields were a consequence of the lower 
experiment yields reported specifically in Calumet (2.2 Mg ha"') and Crawfordsville (2.4 Mg 
ha"'). Therefore, coefficients of variation tended to be high and do not necessarily express 
low precision. Repeatabilities of entries over environments were generally very good (Table 
1). Repeatability for grain yield was 96.2 %. 
Analyses of variance for individual environments (see Appendix B) indicated highly 
significant (P< 0.01) differences among entries for all the traits except dropped ears at 
Ankeny and Calumet. Combined analyses of variance across locations showed highly 
significant changes among entries for all the traits (Table 1). Grain moisture was the only 
trait that did not express significant changes in Learning, Midland, and Leaming-by-Midland 
sources of variation within entries. Stand was affected by inbreeding because the significant 
changes in ±e analyses were only due to differences between So and Si generations. Most of 
the significant values reported in the GE interaction source of variation were represented by 
differences among subdivided sources of variation (groups). The largest mean squares within 
entries were also shown by the among groups source of variation. 
Subdivision of the Learning source of variation showed that indirect response to 
selection was highly significant (P< 0.01) with a desired trend for grain yield, stalk lodging, 
plant height, and ear height. These trends, however, were not always linear as shown by the 
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lack of fit source of variation (Table 2). Grain yield increased at an average rate of 0.28 Mg 
ha ' cycle ' based on the regression method and 0.35 Mg ha"' cycle"' based on Smith's (1983) 
model. Although grain yield was, on average, improved stalk lodging decreased significantly 
from 22.0 % in cycle 0 to 8.0 % in cycle 3 (Figure 1). Plant and ear height also decreased at a 
rate of 5.7 cm cycle"' and 5.1 cm cycle"' after three cycles of selection, respectively. Direct 
responses to selection (based on Si progenies) were, in most instances, highly significantly 
linear for the same traits that reported indirect responses except that dropped ears expressed 
significant changes (P< 0.05) but grain yield did not. Differences between direct and indirect 
responses, measured by orthogonal contrasts between So and S| generations, were highly 
significant (P< 0.01) for grain yield, stand, dropped ears, and plant and ear height. 
Midland Yellow Dent showed less response to selection than Learning (Table 3). 
Indirect (So) responses were highly significant for root lodging, plant height, and ear height 
(Figures 2 and 3). Direct (Si) responses were present for grain yield (0.22 Mg ha"' cycle"'), 
plant height, and ear height, but they only were linear for grain yield. Differences between 
direct and indirect responses were statistically different for grain yield, dropped ears, plant 
height, and ear height. 
Additive genetic effects (AOI) were important for mean performance of most traits in 
both original populations (Table 4). Highly significant estimates were obtained for grain 
moisture, stalk lodging, root lodging, plant height, and ear height in both varieties. Dropped 
ears only expressed a significant AOI estimate in Learning. The contributions of dominance 
effects to cycle 0 (DOI) in both varieties, however, were important for grain yield. Root 
lodging had a highly significant DOI estimate while grain moisture showed a significant 
estimate in Midland Yellow Dent. Plant and ear height had significant DOI effects, but they 
were relatively small when compared with their additive effects. The linear function of the 
changes in allelic frequencies with additive effects (ALI) and dominance effects (DLI) after 
inbred progeny selection was not significant for most of the traits. Selection changed the 
frequency of genes contributing to additive effects (ALI) of plant and ear height in Learning. 
But, the significant increase obtained in grain yield after selection was due to changes in the 
frequencies of dominance effects. Genes contributing to dominance effects (DLI) in Midland 
Yellow Dent were important for reducing root lodging and plant height after selection. 
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Genetic drift, estimated by the quadratic function of the changes in allelic frequencies and 
dominance effects (DQI), was not statistically different from zero for all traits in both 
varieties. Observed gains (Table 5) can be compared with realized gains after adjustment for 
genetic drift (Table 6). The effect of DQI estimates was similar for grain yield and for plant 
height. Observed rates of mean changes were regression coefficients based on combined 
means over environments (Table 7). Specific group means are listed in Table 8. 
Discussion 
Genetic variability within both varieties was adequate for improvement of most traits 
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as shown by the selection differentials for grain yield, stalk lodging, and root lodging. Grain 
moisture, however, may not be sufficiently variable for significant improvement. The high 
selection differential for stalk lodging in Leaming was essential for this specific breeding 
program since the original Learning population was very susceptible to stalk lodging and to 
European com borer. Midland Yellow Dent also had a relatively large selection differential 
for root lodging because the nonselected Midland Yellow Dent had genetic variability for 
root lodging. Large differences among groups for all traits confirmed the divergence of the 
germplasm sources tested (Table 1). Grain moismre means were 17.4 % for Learning and 
25.4 % for Midland Yellow Dent. This 8.0 % difference in grain moisture was associated 
with differences in flowering dates (10.4 days later) and plant height (25.6 cm greater) for 
Midland Yellow Dent. Similar trait associations were reported previously (Iglesias and 
Hallauer, 1991; Garayetal., 1996). 
Based on the diallel-cross data reported by Tsotsis (1972) and Kauffinan et al. (1982) 
±at showed the potential of Leaming and Midland Yellow Dent, the maize breeding program 
at Iowa State University began a long-term breeding program and the evaluation of 
intrapopulation improvement in both populations is reponed. Direct responses to inbred 
progeny selection were measured by mean changes in Si generations, while indirect 
responses were measured in So generations (Hallauer, 1992). Correlated responses were those 
responses from traits not used in the heritability index among S2 progenies. 
Response to inbred progeny selection was effective in both varieties. The rate of 
improvement depended, however, on the type of response and the genetic background of the 
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two varieties. Indirect response to selection for grain yield in Learning was the largest (10.1 
% cycle"'). The realized genetic gain of 0.35 Mg ha"' cycle"' (Smith, 1983) was superior to 
the gain reported by Oyervides-Garci'a and Hallauer (1986) and Helms et al. (1989) in BS13 
after nine (0.28 Mg ha"' cycle"') and eleven (0.23 Mg ha"' cycle"') cycles of combined half-
sib and inbred progeny selection. Learning's realized gain was due to changes in the 
frequencies of genes with dominance effects (Table 4). The change of only the frequency of 
dominance alleles was not expected because, inbred progeny selection emphasizes selection 
of additive gene effects to achieve significant responses. The larger DLI estimate when 
compared with the ALI estimate suggests that the response in So generations should be larger 
than in Si generations, as occurred in our program. The ratio of additive and dominance gene 
action in Leaming(S)CO (A.OI:2DOI) agreed with most reports contrary to the suggestion of 
Stoj§in and Kannenberg (1994) that lower DOI values may cause strong selection pressure of 
infrequent heterozygotes. The response to selection in Learning was associated with the 
presence of inbreeding depression based on the contrast between So and Si generations 
(Tables 2 and 7). The trend of inbreeding depression through selection was of 0.15 Mg ha"' 
cycle"'. This value is a function of the number of segregating loci, the level of dominance, 
and the allelic frequency (Benson and Hallauer, 1994), and the result is an increase in the 
frequency of homozygotes with deleterious recessive alleles (San Vicente and Hallauer, 
1993). Based on the relatively low magnitude of inbreeding depression, we can conclude that 
complete dominance and allele frequencies close to the extremes were present. Favorable 
epistatic interactions and residual heterozygosity are alternative explanations for the type of 
yield response observed in Learning (Falconer and Mackay, 1996). 
Tanner and Smith (1987) stated that the DQI term has been interpreted as a function of 
dominance and changes in allelic frequencies primarily due to genetic drift when population 
sizes are small {Ne < 25). Our estimates of DQI were negative, but nonsignificant (P< 0.05) 
for all traits. Therefore, recombination of 20 to 24 Si lines was adequate to minimize the 
effects of genetic drift. A few number of selection cycles may also cause an unfavorable 
random change of gene frequencies (StojSin and Kannenberg, 1994), but the cumulative 
effects of genetic drift were not enough to produce undesirable responses after three cycles of 
inbred progeny selection. The estimate of DQI for grain yield was -0.012 Mg ha"' for 
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Learning and Midland Yellow Dent, similar to DQI estimates reported in BSSS and BSCBl 
(Keeratinijakal and Lamkey, 1993b). 
Yield improvement in Midland Yellow Dent had a different genetic basis in relation to 
Leaming. Observed indirect response to selection for grain yield in Midland Yellow Dent, 
however, was less important than the observed direct response. On the other hand, realized 
gain was similar for direct and indirect responses, suggesting that genetic drift could have 
favored Midland (Table 5). The observed rate of improvement of Si progenies was very 
impressive (14.9 % cycle ') and at least twice the direct responses reported by Iglesias and 
Hallauer (1989) in partially to completely tropical germplasm sources. Large improvements 
with reduced inbreeding depression, however, have been associated with inbred progeny 
selection in U. S. domestic backgrounds with the same level of inbreeding used in Midland 
Yellow Dent (Oyervides-Garci'a and Hallauer, 1986; Tanner and Smith, 1987; Rodriguez and 
Hallauer, 1988). One of the reasons is that inbred progeny selection is able to reduce the 
genetic load that becomes evident after selfing. As a consequence, the frequency of favorable 
alleles is increased and similarly inbreeding depression is decreased. Weyhrich et al. (1998a) 
reported lower values of grain yield improvement after measuring direct responses to inbred 
progeny selection in BS11. 
Dominance gene effects in the nonselected Leaming and Midland Yellow Dent 
populations controlled grain yield. This fact seems to be the rule in most maize populations 
(Smith, 1983; Oyervides-Garcfa and Hallauer, 1986; Tanner and Smith, 1987; Helms et al., 
1989; Iglesias and Hallauer, 1991; Eyherabide and Hallauer, 1991b; Stoj§in and Kannenberg, 
1994; Garay et al., 1996). Additive gene effects in the original varieties controlled grain 
moisture and stalk lodging. This was also the case in BSK, BS13, BSSS, BSIO, and BSll 
(Tanner and Smith, 1987; Helms et al., 1989; Eyherabide and Hallauer, 1991b). Grain 
moisture in Midland Yellow Dent decreased from 26.0 % in cycle 0 to 24.5 % after selection, 
but further improvement is needed before successful direct utilization of this germplasm. 
Stalk lodging was significantly improved in Leaming without reducing grain yield (Figure 1). 
Selection for reduced root lodging was effective for Midland Yellow Dent and did not affect 
yield improvement either (Figure 2). Midland Yellow Dent had highly significant DOI and 
DLI estimates, suggesting that selection pressure affected the frequency of alleles with 
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dominance effects in root lodging. A similar response was obtained in BS2 after S2 progeny 
selection (Iglesias and Hallauer, 1991) 
Correlated responses were generally favorable. Plant height was reduced by 10.1 cm 
cycle ' in Midland and 5.7 cm cycle ' in Learning, and ear height decreased 9.5 cm cycle ' in 
Midland and 5.1 cm cycle ' in Learning. Plant height and ear height were mainly controlled 
by additive effects. Types of gene action responsible for selection were based on genetic 
background. Response to selection in Learning was based on changes in the frequency of 
additive effects in both plant height and ear height, but dominance effects were more 
important for reducing plant height in Midland Yellow Dent. Dominance gene action is more 
in agreement with the inbreeding depression expressed in this trait. A significant ALI 
estimate for ear height, however, was reported in BS16 (Iglesias and Hallauer, 1991) and 
significant estimates of DLI in BSCB1 and ALI in BSSS for plant height (Keeratinijakal and 
Lamkey, 1993b). Dropped ears was only controlled by additive gene action in Learning 
which agrees with inbred progeny selection in BS2 (Iglesias and Hallauer, 1991) and in 
BSSS (Tanner and Smith, 1987), but disagrees with the dominance gene action reported in 
BSTL (Iglesias and Hallauer, 1991). 
The effectiveness of S1-S2 recurrent selection has been demonstrated in Learning and 
Midland Yellow Dent. Significant grain yield improvement was associated with significant 
desirable responses of basic traits for adaptation for both selected populations and suggests 
that we were able to make an adequate balance between selection of Si progenies and S2 
derivatives. Root lodging was significantly decreased in Midland Yellow Dent and stalk 
lodging was significantly reduced in Learning, traits that were essential to improve in order 
to develop competitive sources of germplasm. Plant and ear heights were also improved. 
Inbreeding depression due to genetic drift could be controlled in these populations, although 
dominance effects reported in these populations must always be considered. We propose the 
utilization of selection methods based on the exploitation of dominance genetic effects, such 
as half-sib intrapopulation recurrent selection or reciprocal full-sib recurrent selection for the 
next step of this breeding program. 
Table 1. Combined analyses of variance of eight traits for 50 maize entries evaluated in five Iowa environments (first 
orthogonal subdivision of the sum of squares). 
Mean squares 
Source of 
variation d.f. 
Grain 
Stand d.f. 
Lodging Dropped 
ears 
Plant 
height 
Ear 
height Yield Moisture Root Stalk 
Mg ha'  % M h a '  ... % cm 
Environments (E) 4 53.36** 2,971.90** 2,990.27** 3 4,414.45** 2,783.95** 132.50** 3,868.42** 2,942.52** 
Rcps/E 10 1.60** 1.98 45.22* 8 149.13** 58.70 34.95** 219.49** 130.39** 
Entry 49 18.63** 213.50** 624.13** 49 469.01** 233.02** 27.59** 3,870.35** 3,849.70** 
Learning (L) 19 8.72** 5.19 190.57 19 75.07** 167.44** 27.28** 1,351.72** 578.17** 
Midland (M) 19 8.38»* 11.10 1.033.55** 19 333.35** 131.89* 10.64* 2,267.54** 1,407.32** 
L \ M  3 17.00** 9.05 214.29** 3 207.98 117.12 10.40 3,418.39** 2,221.45** 
Checks 5 7.38** 96.37** 46.14 5 16.49 228.61** 20.52 6,266.06** 4,023.95** 
Among groups 3 177.96** 3,214.33** 2,150.18** 3 4,838.38* 1,412.17** 165.90** 26,431.93** 41,375.67** 
Entry x E 196 0.70** 16.53** 45.48** 147 135.28** 63.90* 7.89 121.00** 90.82** 
Learning x E 76 0.45 6.06 27.41 57 15.80 40.06 8.13 79.64 45.59 
Midland x E 76 0.44 7.57* 53.61** 57 134.30** 71.22* 4.84 99.74 78.43** 
(L X M) X E 12 0.34 5.72 17.24 9 57.21 75.10 15.44 71.17 38.15 
Checks X E 20 1.27** 11.89** 18.03 15 9.73 47.37 13.13 79.04 44.62 
Among groups x E 12 3.41** 158.20** 182.48** 9 1,185.45** 184.90** 9.43 637.38** 585.33** 
Error 490 0.44 5.33 21.57 392 55.42 48.56 9.02 74.95 47.99 
Total 749 599 
C.V.(%) 23.2 10.9 8.1 93.6 44.4 83.1 4.1 6.9 
Repeatability (%) 96.2 92.3 92.7 71.2 72.6 71.4 96.9 97.6 
•, ** Significant at 0.05 and 0.01 probability levels, respectively. 
Table 2. Subdivision of the sum of squares of the combined analyses of variance of eight traits for the Learning maize 
population evaluated in five Iowa environments. 
Mean squares 
Source of Grain Lodging Dropped Plant Ear 
variation d.f. Yield Moisture Stand d.f. Root Stalk ears height height 
Mg ha' % Mha"' % -cm 
Learning 19 8.72** 5.19 190.57** 19 75.07** 167.44** 27.28** 1,351.72** 578.17** 
Cycles per se 3 3.41** 3.56 26.30 3 18.25 458.38** 15.47 760.48** 700.67** 
Linear 1 5.68** 0.03 5.18 1 43.80 862.66** 7.11 1,948.26** 1,572.35** 
Lack of ni 2 2.28** 5.33 36.86 2 5.48 256.24** 19.65 166.59 264.83** 
Cycles 3 0.43 4.24 65.40 3 147.14** m.92** 11.52 933.02** 751.66** 
Linear 1 1.22 2.15 131.17* 1 287.32** 425.80** 33.63* 2,608.32** 2,149.21** 
Lack of fit 2 0.04 5.29 32.52 2 77.05* 46.48 0.47 95.37 52.89 
Per se vs. ® 1 55.26*^ 0.13 1.303.80** 1 39.20 118.19 77.97** 8,099.70** 1,492.32** 
Learning x E 76 0.45 6.06 27.41 57 15.80 40.06 8.13 79.64 45.59 
*, •* Signiflcant at 0.05 and 0.01 probabilily levels, respectively. 
^ ® indicates one generation of inbreeding. 
Table 3. Subdivision of the sum of squares of the combined analyses of variance of eight traits for the Midland Yellow Dent 
maize population evaluated in five Iowa environments. 
Mean squares 
Source of Grain Lodging Dropped Plant Ear 
variation d.f. Yield Moisture Stand d.f. Root Stalk ears height height 
Mg ha' % Mha' — % — -cm 
Midland 19 8.38»* 11.10 1,033.55** 19 333.35** 131.89* 10.64* 2,267.54** 1,407.32** 
Cycles per se 3 0.43 6.42 45.02 3 1,199.48** 125.79 14.31* 2,138.06** 1,979.80** 
Linear 1 1.07 14.74 105.68 1 3,022.74** 0.10 19.00 6,085.30** 5,368.55** 
Lack of fit 2 0.11 2.26 14.69 2 287.85 188.63 11.97 164.44 285.43* 
Cycles ® * 3 1.38* 8.96 145.79 3 237.40 28.00 0.84 947.69** 1,673.22** 
Linear 1 3.53** 1.73 124.92 1 224.12 33.93 1.91 2,141.44** 4,246.21** 
Lack of fit 2 0.31 12.58 156.23 2 244.04 25.04 0.31 350.82* 386.73* 
Per se vs. ® 1 45.79** 1.18 125.70 1 35.00 30.87 21.29* 11,353.50** 2,758.47** 
Midland k E 76 0.44 7.57* 53.61** 57 134.30**7I.22* 4.84 99.74 78.43** 
*, ** Signiflcant at 0.05 and 0.01 probability levels, respectively. 
' ® indicates one generation of inbreeding. 
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Table 4. Least-squares-estimates of additive and dominance effects for seven traits before 
and after inbred progeny selection in two open-pollinated maize varieties, based 
on the model suggested by Smith (1983). 
Trait Variety AOf DOI' ALI' DLP 
Grain yield (Mg ha ') Learning 0.48* 1.16** -0.01 * o
o d
 
Midland 0.03 1.46** 0.09 -0.002 
Grain moisture (%) Learning 18.11** -0.32 -0.26 0.22 
Midland 23.50** 1.30* 0.09 -0.11 
Root lodging (%) Learning 11.65** -2.85 -2.04 1.33 
Midland 8.83* 7.56** 1.69 -5.19** 
Stalk lodging (%) Learning 20.96** -0.74 -1.48 -0.29 
Midland 17.33** 0.77 0.32 -0.49 
Dropped ears (%) Learning 4.56** 0.89 -0.66 0.08 
Midland 0.97 1.22 0.34 -0.46 
Plant height (cm) Learning 183.69** 13.59** -4.41** 2.71 
Midland 187.20** 29.25** 0.33 -4.22* 
Ear height (cm) Learning 81.87** 7.56* -3.15* 0.50 
Midland 101.97** 12.30** -2.13 -1.77 
*, ** Significantly different from zero at 0.05 and 0.01 probability levels, respectively. 
^ Contribution of additive effects to the cycle 0 (before selection). 
* Contribution of dominance effects to the cycle 0 (before selection). 
^ Linear function of the changes in allelic frequencies and additive effects after selection. 
^Linear function of the changes in allelic frequencies and dominance effects after selection. 
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Table 5. Genetic gain evaluation based on the linear combination of genetic parameters for 
seven traits in Learning and Midland Yellow Dent maize varieties after inbred 
progeny selection. Realized gains were based on the model proposed by Smith 
(1983). 
Cycle populations Cycles ®' 
Trait Learning Midland Learning Midland 
Grain yield (Mg ha"') 
2 (ALI + DLI) 
0.352** 0.184** 
2/>ULl4-DLI 
0.171* 0.185** 
Grain moisture (%) -0.085 -0.038 -0.309 -0.069 
Root lodging (%) -1.426* -6.989** -2.756** -1.800 
Stalk lodging (%) -3.527** -0.330 -3.239** 0.158 
Dropped ears (%) -1.159** -0.241 -1.239** 0.219 
Plant height (cm) -3.402** -7.767** -6.110** -3.551 
Ear height (cm) -5.301** -7.785** -5.804** -6.019** 
*, ** Significantly different from zero at 0.05 and 0.01 probability levels, respectively 
® indicates one generation of inbreeding. 
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Table 6. Observed genetic gains based on the linear regression of mean phenctypic values 
of selected population cycles on cycles of selection for seven traits in Learning 
and Midland Veliow Dent maize varieties after inbred progeny selection. 
Trait 
Cycle populations Cycles 
Learning Midland Learning Midland 
Grain yield (Mg ha"') 0.275*» 0.120 0.125 0.220** 
Grain moisture (%) -0.010 -0.420 -0.160 -0.150 
Root lodging (%) -0.870 -7.080** -2.210** -1.920 
Stalk lodging (%) -3.790** -0.005 -2.690** 0.770 
Dropped ears (%) -0.360 -0.550* -0.740* 0.190 
Plant height (cm) -5.690** -10.100** -6.600** -5.970** 
Ear height (cm) -5.110** -9.500** -6.000** -8.410** 
*, ** Significantly different from zero at 0.05 and 0.01 probability levels, respectively 
^ ® indicates one generation of inbreeding. 
Table 7. Means combined over three replications and five environments of eight traits for selected entries sorted by yield for 
Learning and Midland Yellow Dent maize populations. 
Grain Lodging Dropped Plant Ear 
Genotype Yield Moisture Stand Root Stalk ears height height 
Mg ha"' % M h a '  % /O 
Midland CO (8>' 1.45 25.1 53.3 18.3 14.0 1.7 223.4 128.9 
Learning CO ® 1.63 17.8 54.2 6.6 18.4 4.4 194.3 88.3 
Midland (S) C2 <8) 1.75 26.0 51.0 17.0 16.2 2.2 206.5 105.2 
Learning (S) CI S) 1.76 17.4 53.0 9.0 18.8 4.0 190.2 86,3 
Midland (S) CI® 1.80 24.8 5L0 10.4 17.5 1.8 207.4 m.o 
Learning (S) C2 ® 1.81 18.2 56.9 2.5 15.6 3.2 185.4 77.9 
Learning (S) C3 0 2.03 17.0 57.3 1.4 10.5 2.2 173.9 71.1 
Midland (S) C3 <8 2.19 24.2 57.6 9.7 17.0 2.2 203.8 102.8 
Learning (S) CI 2.79 18.1 60.1 4.7 10.2 6.8 202.9 86.9 
Midland CO 2.88 26.0 58.6 29.4 15.6 4.5 249.7 138.6 
Midland (S)CI 2.89 25.0 58.3 13.0 21.6 2.2 232.7 122.6 
Learning (S) C2 2.99 17.0 62.2 3.5 14.3 5.3 201.8 84.4 
Learning CO 3.01 17.3 62.8 4.4 22.0 4.8 215.6 100.1 
Midland (S) C2 3.17 25.3 59.7 11.5 14.2 2.4 227.9 122.4 
Midland (S)C3 3.19 24.5 62.1 6.3 17.9 2.6 217.7 107.1 
Learning (S) C3 3.86 17.7 62.9 1.9 8.0 4.1 197.0 83.9 
BS28 (R)ClSynl 4.28 21.5 60.7 3.1 9.4 1.8 208.8 102.7 
BS2I (R)C6 4.35 17.9 62.8 0.3 6.2 5.2 190.7 83.7 
Table 7. (Continued) 
Grain Lodging Dropped Plant Ear 
Genotype Yield Moisture Stand Root Stalk ears height height 
M g  h a '  % M h a '  
BS22 (R)C6 4.90 17.2 63.2 0.5 3.1 1.9 181.1 74.6 
BS29(R)CI Synl 5.06 24.2 59.2 2.8 13.5 3.7 221.1 113.7 
BSI0(FR)CI2Synl 5.80 21.1 63.6 2.4 13.5 4.0 229.9 II5.I 
BSn (FR)C12Synl 5.94 20.4 63.0 1.7 13.0 2.8 240.0 118.8 
LSD (0.05) 0.60 2.9 4.9 9.4 6.4 2.3 8.9 7.7 
Experiment mean 2.86 21.1 57.6 8.0 15.7 3.6 209.7 101.t 
Experiment minimum 1.45 16.3 38.5 0.3 3.1 1.3 173.9 71.1 
Experiment maximum 5.94 26.6 63.6 29.4 24.6 7.6 249.7 138.6 
^ (8) indicates one generation of inbreeding. 
Table 8. Selected means combined over five environments of eight traits for different genotypic groups of Learning and 
Midland Yellow Dent maize populations and their comparisons with B73 x Mo 17. 
Grain Lodging Dropped Plant Ear 
Genotype Yield Moisture Stand Root Stalk ears height height 
Mg ha"' % M h a '  /O — /o 
Experiment mean 2.86 21.1 57.6 8.0 15.7 3.6 209.7 101.1 
Mean or sclfcd entries 1.83 21.0 52.1 8.4 16.8 3.2 199.4 95.4 
Non-sclfed means 3.26 21.4 61.7 8.5 16.2 4.1 219.5 106.6 
Learning means 2.58 17.4 59.5 4.4 14.8 4.3 196.4 85.1 
Non-sclfed entries 3.28 17.4 62.5 3.9 14.2 4.9 204.9 89.0 
Selfed entries 1.88 17.4 56.5 4.8 15.3 3.6 187.9 81.1 
Midland means 2.48 25.4 54.2 13.9 18.1 2.7 222.0 117.2 
Non-selfcd entries 3.18 25.8 61.0 13.8 18.1 3.0 233.1 124.1 
Sclfcd entries 1.78 24.9 47.3 14.0 18.1 2.4 210.8 110.3 
Check means 5.06 20.4 62.1 1.8 9.8 3.2 211.9 101.4 
B73xMol7* 6.34 19.2 68.2 3.4 10.0 4.5 
^ Averaged over 13 locations 
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Figure 1. Direct responses of grain yield and of stalk lodging in Learning open-
pollinated maize variety after three cycles of S1-S2 recurrent selection. 
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Figure 2. Direct responses of grain yield and of root lodging in Midland open-pollinated 
maize variety after three cycles of S1-S2 recurrent selection. 
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Figure 3. Correlated responses of plant and ear heights in Midland open-pollinated 
maize variety ^er three cycles of S1-S2 recurrent selection. 
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CHAPTER 4. EXPRESSION OF HETEROSIS IN LEAMING AND 
MIDLAND CORN BELT DENT POPULATIONS 
A paper prepared for submission to Crop Science 
Marcelo J. Carena' " and Amel R. Hallauer'"^ 
Abstract 
Successful maize (Zea mays L.) breeding programs are based upon the identification and use 
of heterotic patterns. Only one heterotic pattern (Iowa Stiff Stalk Synthetic x Lancaster Sure 
Crop), however, is being widely exploited in U. S. maize breeding programs, and current 
maize yields are significantly lower than potential yields. Alternative U. S. heterotic patterns 
have been suggested, but they have received limited attention and improvement. The 
objectives of this study were to evaluate cultivar crosses between Leaming and Midland 
Yellow Dent populations before and after inbred progeny selection and to assess their 
potential as an alternative U.S. heterotic pattern. Grain yield had a midparent heterosis value 
of 4.9 % before selection and of 17.8 % in the third cycle of selection. The increase of grain 
yield heterosis (12.9 %) through selection was highly significant (P< 0.01) and crosses 
between Si generations showed an increased rate of inbreeding depression through selection. 
The effect of inbreeding depression, however, was independent of the mean change through 
selection in all traits. Grain moisture of the cross (20.1 %) was significantly lower than 
Midland Yellow Dent but not significantly higher than Leaming. Root lodging was 
significantly (P< 0.05) improved through selection. Average root lodging of the cross over 
locations (after selection) was 1.1 % with a midparent heterosis value of -73.2 %. Stalk 
lodging and dropped ears were not significantly improved. 
' Dept. Agronomy, Iowa State Univ., Ames, lA 50011. 
~ Part of a dissertation subniitted by the author in partial fulfillment of the requirements for 
±e PhD degree. 
^ Corresponding author. 
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Plant and ear height were highly significantly lower in the cross of the selected varieties 
compared with the nonimproved ones, but their values were similar to those of Midland 
Yellow Dent after selection. 
Intrapopulation recurrent selection was successftil for increasing the heterotic 
expression between Learning and Midland Yellow Dent. An interpopulation recurrent 
selection program between improved selection cycles seems desirable. 
Introduction 
The concept of hybrid vigor or heterosis in maize (Zea mays L.) was developed 
independently by E. M. East and G. H. Shull in the early i900s (Shull, 1952; Wallace and 
Brown, 1956; Hayes, 1963). The practical value of hybrid vigor traces back to the controlled 
hybridization of Southern Dents and Northern Flints by U. S. farmers in the nineteenth 
century (Enfield, 1866; Brown, 1950; Anderson and Brown, 1952). It was realized that 
genetic diversity of parental crosses was important for hybrid vigor expression (Collins, 
1910). But the expression of heterosis was limited by the range of genetic divergence (Moll 
et al., 1965). Based on these earlier observations, one of the more difficult tasks was to 
predict heterotic responses between unrelated genotypes. Modem research approaches based 
on biochemical assays (Smith et al., 1985a,b) or DNA marker data (Dudley, 1993; Stuber, 
1994; Labate et al., 1997; Melchinger, 1997) have been very useful to assess genetic 
diversity but of limited usefulness for predicting good heterotic combinations. These studies 
were not successful because other population properties, such as the importance of 
dominance genetic effects (Falconer and Mackay, 1996) or consistent linkages between DNA 
markers and quantitative trait loci (QTLs) for performance (Dudley, 1993), needed to be 
identified. Therefore, evaluating the performance of crosses among groups based upon 
genetically diverse parents is essential to identify promising heterotic patterns (Melchinger, 
1997). 
Heterotic patterns (crosses between known genotypes that express a high level of 
heterosis) became established by relating the heterosis of crosses with the origin of the 
parents included in the crosses (Hallauer et al., 1988). This was a consequence of diallel 
crosses studies (mainly inbred line testing) on performance based on pedigree relationships. 
The data suggested that hybrids of lines from different germplasm sources had greater yields 
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than hybrids of lines from similar sources. Because these studies were restricted to inbred 
lines from few germplasm sources, only the Reid Yellow Dent by Lancaster Sure Crop and 
Iowa Stiff Stalk Synthetic by Lancaster Sure Crop heterotic patterns were fully developed. 
Other heterotic groups were available, but they were identified a few decades later and have 
the disadvantage of having lower levels of agronomic improvement (Goodman, 1985). 
Tsotsis (1972) and Kauffman et al. (1982) reported one of the few studies of alternative U. S. 
heterotic patterns. They analyzed diallel crosses among nine open-pollinated varieties and 
found that there were specific heterotic combinations that performed better than the one 
represented in the cross between Reid Yellow Dent and Lancaster Sure Crop. They 
concluded that Learning by Midland Yellow Dent was a potential heterotic pattern. Both 
parental populations, however, needed improvement. 
Three cycles of inbred progeny selection were performed in Learning and Midland 
Yellow Dent. The objective of this research was to assess the potential of the Learning by 
Midland Yellow Dent heterotic pattern after inbred progeny selection. 
Materials and Methods 
Learning and Midland Yellow Dent maize populations were included in a long-term 
breeding program. Three cycles of inbred progeny recurrent selection based on Si and St 
progenies were performed in each population. Carena and Hallauer (1999) described the 
populations and details of the selection and evaluation programs. 
The original populations and their interpopulation crosses corresponding to cycles 0 
and 3 were evaluated at two levels of inbreeding (F = 0 and F = 0.5) in five Iowa 
environments. Data were collected on 10 traits. Stand counts (M ha"') were taken after plots 
were thinned to a maximum plant density of 67,000 plants ha*'. Days to anthesis (days from 
planting to pollen shedding by 50 % of the plants within a plot) and days to silking (days 
from planting to silks being shown by 50 % of the plants within a plot) were taken in only 
one location. Plant and ear height, root and stalk lodging, and dropped ears were measured at 
four locations. Plant height was calculated as the average height (cm) of 10 competitive 
plants per plot, being the height the distance from the ground to the node of the leaf flag. Ear 
height was the average distance (cm) from the ground to the highest ear-bearing node of 10 
competitive plants. Root lodging (percentage of plants leaning more than 30° from vertical). 
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stalk lodging (percentage of plants broken at or below the ear node) and dropped ears 
(percentage of ears detached from plants) were measured before harvest. Grain yield 
(adjusted to a 15.5 % grain moisture basis and expressed as Mg ha '), and grain moisture (%) 
were measured directly from combine sensors without gleaning for lodged plants and 
dropped ears (at five locations). 
Analyses of variance were performed for all traits for each location. Combined 
analyses of variance across locations were done for eight traits where environments and 
entries were considered random and fixed effects, respectively. The entry sum of squares was 
orthogonally partitioned for Learning, Midland Yellow Dent, Leaming by Midland Yellow 
Dent, checks, and among group sources of variation. The genotype-by-environment 
interaction was subdivided according to the entry sum squares partition to make appropriate 
F-tests. Leaming by Midland Yellow Dent source of variation represented the cross between 
the two maize populations before and after selection. Within this source of variation, the 
mean increase through selection was tested as well as its interaction with the change of 
inbreeding depression during selection. 
Combined analyses of variance were also performed in order to detect significant 
heterotic expressions. Midparent heterosis values were estimated as the difference between 
the mean of a cross and the midparent value of its parents measured as a percentage. Fisher's 
protected least significance difference (FLSD) was applied for mean comparisons (Carmer 
and Swanson, 1971) among parents, midparent value, and midparent heterosis. Inbreeding 
depression was measured as a percentage of the noninbred generation before and after 
selection and as a rate (Lamkey and Smith, 1987). The entry means were used for the 
generation mean analysis developed by Smith (1979a,b, 1983). This model was utilized to 
estimate the relative importance of heterosis in the cross of the original populations (HII') 
and the change in allelic frequencies and dominance effects for the cross between advanced 
cycles of the same populations (HQn"). Genetic parameters DLIl and DLII' (representing the 
contribution of Leaming and Midland Yellow Dent to the change in the mean of the 
population cross respectively) could not be estimated, and a joint effect of DLII', DLIl, and 
HQII' was considered as the heterosis effect after selection (HASH'). All the experiments 
were analyzed by SAS (SAS, 1989). 
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Results and Discussion 
The average grain yield across environments was 3.09 Mg ha ' for the cross between 
the nonselected populations compared with an average grain yield of 4.15 Mg ha ' measured 
for the cross of the same populations after three cycles of intrapopulation selection (Table 1). 
The 34.3 % increase between both means was highly (P< 0.01) significant (Table 2). This 
percentage was similar to 28.8 % obtained from BSTL x BS2 after evaluating five cycles of 
inbred progeny selection (Iglesias and Hallauer, 1991). A 28.2 % grain yield increase for 
BSIO X BSll was reported after four cycles of reciprocal full-sib recurrent selection 
(Eyherabide and Hallauer, 1991a), and a 16.5 % yield improvement was observed after four 
cycles of reciprocal recurrent selection in BSSS x BSCBl (Keeratinijackal and Lamkey, 
1993a). The midparent heterosis change due to selection, however, was not the same in the 
four breeding programs because inbred progeny selection did not have a significant 
improvement of the midparent heterosis in BSTL x BS2 (Iglesias and Hallauer, 1991) in 
contrast to interpopulation selection programs. Selection within Learning and Midland 
Yellow Dent, however, indicates that inbred progeny selection within populations was 
effective for improving the heterotic expression for grain yield in the improved cross (Tables 
3 and 4). This result emphasizes the relative importance of genetic background (choice of 
germplasm) over type of selection method. 
The cross between selected cycles of Learning and Midland Yellow Dent had the 
highest grain yield of the entries evaluated and was statistically similar to the improved 
version of Learning and two of the six checks tested (Table 1). The midparent heterosis value 
of 17.8 % was similar to the 19.5 % average midparent heterosis reported from Hallauer and 
Miranda (1988) in more than one thousand variety crosses. The increase in Learning by 
Midland Yellow Dent heterosis (12.9 %), measured by the change in midparent heterosis 
values through selection, was similar to the heterotic expression manifested by inter­
population selection programs in earlier cycles of selection (Table 5). The HASH' genetic 
parameter estimate firom Smith's model, however, was not significantly different from zero 
for grain yield (Table 6). HASH' represented the linear and quadratic fiinctions of the 
changes in allelic frequencies and dominance effects for the cross between Leaming and 
Midland Yellow Dent. Some possible hypotheses can be related with the lack of significance 
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in HASH'. Directional dominance of a trait is defined as the dominance of the genes 
concerned in that trait being preponderantly in one direction (Falconer and Mackay, 1996) 
and is required for the expression of heterosis before and after selection. Nondirectional 
dominance does not seem to be important in Learning x Midland Yellow Dent because 
significant DOI and DLI estimates were important in both populations (Carena and Hallauer, 
1999). Moreover, the rate of inbreeding depression after three cycles of inbred progeny 
selection increased from 0.027 Mg ha"' to 0.039 Mg ha ', a higher rate than the one observed 
after four cycles of reciprocal full-sib recurrent selection in BSIO x BSll (Eyherabide and 
Hallauer, 1991a). The increase in heterosis also depends on the changes in allelic frequencies 
(Ap) in both populations. If Ap of one population is zero, HQIF is by definition also zero. In 
addition, selection can increase the frequency of favorable alleles for some grain yield loci 
but it may not be adequate to counteract the negative effects of other loci controlling the trait, 
especially given a small number of selection cycles. Therefore, the more probable hypothesis 
for yield improvement in the cross is that inbred progeny selection selected different alleles 
with dominance effects in Learning considering that Learning was the only population with a 
significant DLI estimate (Carena and Hallauer, 1999). This seems a reasonable explanation 
because inbred progeny selection is based on the improvement of populations per se while 
interpopulation selection programs would select alleles contributing to the cross. The 
previous hypothesis, however, was often associated with results from interpopulation 
programs based on nonsignificant HQII' estimates (Eyherabide and Hallauer, 1991b; 
Keeratinijackal and Lamkey, 1993b). Most smdies have reported no heterosis improvement 
in grain yield based on ±e HQII' estimate (Tanner and Smith, 1987; Helms et al., 1989; 
Iglesias and Hallauer, 1991; Eyherabide and Hallauer, 1991b; Keeratinijackal and Lamkey, 
1993b; Garay et al., 1996). Therefore, alternative models for detecting heterosis would be 
advisable. 
The yield mean for the cross between nonselected populations was similar to the trait 
means of earlier selection cycles from both populations (Table 1). The midparent heterosis 
value of the original populations was nonsignificant (Table 3) and was in agreement with the 
nonsignificant HII' estimate of Smith's model (Table 6). The small effect due to heterosis 
(HE') in Learning and Midland Yellow Dent before selection is possibly associated with the 
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lack of initial genetic divergence of alleles affecting grain yield because dominance was 
present in both populations. This observation in Leanfiing and Midland Yellow Dent was 
unexpected based on their heterotic combination reported by Kauffman et al. (1982) and their 
diverse geographic origins. We can speculate that negative heterotic contributions at certain 
loci fi-om one population might have canceled positive responses at other loci from the other 
population. Lower midparent heterosis estimates have been reported in other genetic 
backgrounds (Eyherabide and Hallauer, 1991a; Menz and Hallauer, 1997) with significant 
HII' estimates (Iglesias and Hallauer, 1991; Eyherabide and Hallauer, 1991b; Keeratinijackal 
and Lamkey, 1993b; Garay et al., 1996). The relationship between additive and dominance 
genetic effects for grain yield in the cross between the original populations seems to be 
important. Dominance genetic effects in nonselected populations (DOI parameter in the 
Smith's model) have been the more important (Smith, 1983; Oyervides-Garci'a and Hallauer, 
1986; Tanner and Smith, 1987; Helms et al., 1989; Iglesias and Hallauer, 1991; Eyherabide 
and Hallauer, 1991b; Stojgin and Kannenberg, 1994; Garay et al., 1996). Keeratinijackal and 
Lamkey (1993b) showed, however, that additive genetic effects (AOI) were as important as 
dominance genetic effects in BSSS, and they found significant midparent heterosis when 
crossing BSSS and BSCS 1 nonselected populations. Therefore, large differences in allelic 
frequencies with additive and dominance effects would be required for the expression of 
heterosis before selection. After selection, however, differences in allelic frequencies with 
dominance effects among populations should be maximized (Falconer and Mackay, 1996; 
Hallauer, 1997), and Labate et al. (1997) have shown how successful selection can be in 
creating genetic divergence among populations and, consequently, leading to a greater 
expression of heterosis. 
Grain moisture had a significantly negative (P< 0.01) heterosis estimate (HII') before 
selection (Table 6). This result agrees with the genetic divergence reported in BSSS x 
BSCBl for the same trait (Keeratinijackal and Lamkey, 1993b). Midparent heterosis of the 
original cross was -11 % and the cross mean was similar to the Learning variety. Considering 
that grain moisture is a trait mainly associated with additive effects (Tanner and Smith, 1987; 
Helms et al., 1989; Eyherabide and Hallauer, 1991b; StojSin and Kannenberg, 1994), the 
expression of heterosis was mostly dependent on the difference in allelic frequencies. A 
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small amount of dominance, however, was reported in Midland Yellow Dent (Carena and 
Hallauer, 1999). Grain moisture had a small positive change (1.6 %) after three cycles of 
selection and was confirmed by the nonsignificant HASH' estimate, suggesting that the cross 
of both varieties is adapted to Iowa environments (Tables 3 and 4). Flowering dates, 
however, had a small negative trend through selection. A concern though was the 4-day 
difference between days to silk and days to pollen that did not change through selection. 
The HII' estimate was highly significant for root lodging which disagrees with most 
studies (Eyherabide and Hallauer, 1991b; Keeratinijackal and Lamkey, 1993b; Garay et al., 
1996). Iglesias and Hallauer (1991) showed, however, that genetic divergence for this trait 
was expressed in more distant sources of germplasm such as the cross between BS2 (ETO) 
and BSTL (Tuxpeno x Lancaster). The highly significant HII' in Learning by Midland 
Yellow Dent was represented in the -42 % midparent heterosis expressed in the original 
cross. The root lodging difference between CO and C3 changed from 9.8 % to 1.1 %. The 1.1 
% root lodging was the third best mean in the experiment and midparent heterosis 
significantly changed to -73.2 % (Table 4). Dominance genetic effects were present mainly 
in Midland Yellow Dent, and inbred progeny selection increased the frequency of favorable 
alleles of both populations. The nonsignificant estimate of HASII' suggests that selection was 
based on different alleles with dominance effects in both populations. Stalk lodging and 
dropped ears did not improve significantly their cross means through selection (Table 2). 
Their trends, however, are in the desired direction. Stalk lodging decreased 5.9 % in the 
mean cross after selection, and dropped ears decreased 1.0 %. The significant HII' estimate 
for dropped ears was associated with its large midparent heterosis values (Tables 3 and 4). 
The HASH' estimate of both traits was similar to zero as reported in other studies 
(Eyherabide and Hallauer, 1991b; Keeratinijackal and Lamkey, 1993b; Garay et al., 1996), 
but stalk lodging was reported to have significant HII' and HQII' estimates in the cross of 
BS2 X BSTL (Iglesias and Hallauer, 1991). 
Correlated mean changes in the cross between Leaming and Midland Yellow Dent 
were highly significant for plant and ear heights (Table 2). The 18.5 cm reduction in ear 
height was greater than the 14.9 cm reduction in plant height and was mainly due to the 
change in the frequency of alleles with additive effects in Leaming, the shorter variety 
58 
(Carena and Hallauer, 1999). Inbreeding depression was highly significant for these traits 
(Table 2j and reduced their mean values. The lack of genetic divergence in the cross (HII') 
for plant and ear height was in agreement with their lower values of midparent heterosis 
before selection (Tables 3 and 4). Keeratinijackal and Lamkey (1993b) reported, however, 
highly significant HU' estimates for BSSS x BSCBl. The cross of Learning by Midland 
Yellow Dent after selection did not produce any changes in heterosis (HASII' similar to zero) 
for plant and ear height, which can be related to the relative importance of additive effects 
reported in these traits (Carena and Hallauer, 1999). Ear height, however, had significant 
changes in allelic frequencies and dominance effects for BS2 x BSTL after five cycles of 
r e c i p r o c a l  h a l f - s i b  r e c u r r e n t  s e l e c t i o n  ( I g l e s i a s  a n d  H a l l a u e r ,  1 9 9 1 )  a n d  f o r  B S I O  x  B S l l  
after eight cycles of reciprocal full-sib recurrent selection (Eyherabide and Hallauer, 1991b). 
Inbred progeny selection was effective in improving the cross between Learning and 
Midland Yellow Dent. Although the rate of inbreeding depression for grain yield increased 
after selection, midparent heterosis increased and its increase resembled that of 
interpopulational recurrent selection programs. Grain yield heterosis among improved cycles 
of Leaming x Midland Yellow Dent is attributed to the selection of different alleles with 
dominance effects in Leaming. The increase of inbreeding depression in improved 
populations and crosses suggests that more loci were segregating for grain yield than in 
nonimproved populations, and that the frequency of favorable alleles was increasing, though 
not enough, if we restrict our results to the genetic parameters of the Smith's model. Selection 
response of the cross occurred at complementary loci since improvement in other traits, such 
as root lodging, was mainly because Midland Yellow Dent did not improve the genetic 
parameters associated with grain yield. Favorable mean changes in the cross for grain 
moisture and plant and ear heights showed an important adaptation of the improved cross to 
Iowa. The first objective of our long-term program has been achieved and considerable 
improvements have been made. We can conclude that an alternative U. S. heterotic pattem 
has been confirmed and that it needs refinement. We propose a reciprocal full-sib recunent 
selection program to increase the efficiency in future selection for heterotic effects. 
Secondary characters such as stalk lodging and pollen-silk interval should be emphasized in 
future selection programs based on the Leaming by Midland Yellow Dent heterotic pattem. 
Table 1. Means of eight traits for Learning and Midland Yellow Dent maize cultivar crosses and their comparisons with 
selection cycles and checks. 
Grain Lodging Dropped Plant Ear 
Genotype Yield Moisture Stand Root Stalk ears height height 
M g  h a '  % M h a '  % 
Learning CO x Midland CO ® 1.74 1Q.4 54.4 8.S 20.0 5.8 208.0 99.8 
Learning C3 x Midland C3 ® 2.19 19.4 55.5 3.3 15.7 4.3 191.4 84.8 
Learning CI 2.79 18.1 60.1 4.7 10.2 6.8 202.9 86.9 
Midland CO 2.88 26.0 58.6 29.4 15.6 4.5 249.7 138.6 
Midland CI 2.89 25.0 58.3 13.0 21.6 2.2 232.7 122.6 
Learning C2 2.99 17.0 62.2 3.5 14.3 5.3 201.8 84.4 
Learning CO 3.01 17.3 62.8 4.4 22.0 4.8 215.6 100.1 
Learning CO x Midland CO 3.09 19.2 61.2 9.8 19.2 6.6 231.8 118.0 
Midland C2 3.17 25.3 59.7 11.5 14.2 2.4 227.9 122.4 
Midland C3 3.19 24.5 62.1 6.3 17.9 2.6 217.7 107.1 
Learning C3 3.86 17.7 62.9 1.9 8.0 4.1 197.0 83.9 
Learning C3 x Midland C3 4.15 20.9 61.6 1.1 13.3 5.6 216.9 99.5 
BS28 (R)C1 Synl 4.28 21.5 60.7 3.1 9.4 1.8 208.8 102.7 
BS2I(R)C6 4.35 17.9 62.8 0.3 6.2 5.2 190.7 83.7 
BS22 (R) C6 4.90 17.2 63.2 0.5 3.1 1.9 181.1 74.6 
BS29(R)CI Synl 5.06 24.2 59.2 2.8 13.5 3.7 221.1 113.7 
BSI0(FR)CI2Synl 5.80 21.1 63.6 2.4 13.5 4.0 229.9 115.1 
BSIl (PR)CI2Synl 5.94 20.4 63.0 1.7 13.0 2.8 240.0 118.8 
LSD (0.05) 0.60 2.9 4.9 9.4 6.4 2.3 8.9 7.7 
(S) Entries after one generation of self-pollination 
Table 2. Subdivision of the sum of squares of the combined analyses of variance of eight traits for the cross between Midland 
Yellow Dent and Leaming maize populations evaluated in five Iowa environments. 
Mean squares 
Source of Grain Lodging Dropped Plant Ear 
variation d.f. Yield Moisture Stand d.f. Root Stalk ears height height 
M g  h a '  % M h a '  ... % cm 
L x M ^  3 17.00** 9.05 214.29** 3 207.98* 117.12 10.40 3,418.39** 2,221.45** 
Cross (C)* I 8.47** 9.68 8.59 1 586.54* 310.67 17.24 2,972.03** 3,361.73** 
Inbreeding (I)^ 1 41.09** 7.14 632.35** 1 2.40 32.15 13.19 7,274.23** 3,265.35** 
C x i  1 1.44 10.33 1.93 1 35.00 8.54 0.76 8.93 37.28 
(LXM)XE' 12 0.34 5.72 17.24 9 57.21 75.10 15.44 71.17 38.15 
*, ** Significant at 0.05 and 0.01 probability levels, respectively. 
^ L= Learning M= Midland Yellow Dent 
^ Mean difference of the cross between cycles 0 and 3. 
^ Cliangcs in the cffcct of inbreeding before and after sclcction. 
a 
'E= Environment 
Table 3. Midparent heterosis values and mean comparisons of eight traits for the cross between Learning by Midland Yellow 
Dent maize populations before inbred progeny selection evaluated in five Iowa environments. 
Mean squares 
Grain Lodging Dropped Plant Ear 
Entry Yield Moisture Stand Root Stalk ears height height 
M g  h a '  % M h a '  .. % cm-
Learning CO 3.01 17.3a^ 62.8 4.4a 22.0 4.8 215.6a 100.1a 
Midland CO 2.88 26.0c 58.6 29.4c 15.6 4.5 249.7d 138.6d 
Midparent value 2.95 21.7b 60.7 16.9b 18.8 4.7 232.7c 119.3c 
Learning CO x Midland CO 3.09 19.3ab 61.2 9.8ab 19.2 6.6 231.8bc llS.Obc 
LSD 0.05 I.O 3.4 6.5 11.3 9.2 3.6 7.6 7.8 
LSD 0.01 1.5 7.4 9.5 16.4 13.4 5.2 11.1 11.3 
Heterosis (%) 4.9 -11.0 0.8 -42.0 2.0 40.4 -0.4 -1.1 
^ Means followed by the same letter are not significantly different at the 0.05 probability level (FLSD test). 
Table 4. Midparent heterosis values and mean comparisons of eight traits for the cross between Leaming by Midland Yellow 
Dent maize populations after inbred progeny selection evaluated in five Iowa environments. 
Mean squares 
Grain lodging Dropped Plant Ear 
Entry Yield Moisture Stand Root Stalk ears height height 
M g  h a '  % M h a '  .... % cm-
Leaming (S) C3 3.86ab^ 17.7a 62.9 1.9 8.0 4.1 197.0a 83.9a 
Midland (S) C3 3.19a 24.5c 62.1 6.3 17.9 2.6 217.7b 107. lb 
Midparent value 3.53ab 21.1abc 62.5 4.1 13.0 3.4 207.4ab 95.5ab 
Leaming C3 x Midland C3 4.15b 20.9ab 61.6 1.1 13.3 5.6 216.9b 99.5b 
LSD 0.05 0.69 1.8 4.0 5.1 7.0 1.8 8.9 8.8 
LSD 0.01 1.00 2.6 5.9 7.3 10.1 2.7 13.0 12.8 
Heterosis (%) 17.8 -0.9 -1.4 -73.2 2.4 67.4 4.6 4.2 
^ Means followed by the same letter are not significantly different at the O.OS probability level (FLSD test). 
63 
Table 5. Midparent (MP) heterosis for grain yield from nonselected and selected crosses 
reported in early cycles of selection in maize selection programs. 
Population Grain yield 
crosses MP References 
% 
BS16(S)C0xBS2 (S)CO 8.0 Iglesias and Hallauer (1991) 
BS16(S)C4xBS2 (S)C5 20.2 12.2 Iglesias and Hallauer (1991) 
BSTL (S) CO X BS2 (S) CO 18.7 Iglesias and Hallauer (1991) 
BSTL (S) C5 X BS2 (S) C5 23.2 4.5 Iglesias and Hallauer (1991) 
BS10(FR)C0xBSll (FR) CO 2.5 Eyherabide and Hallauer (1991a) 
BS10(FR)C4xBSll (FR) C4 19.7 17.2 Eyherabide and Hallauer (1991a) 
BSSS (R) CO X BSCB1 (R) CO 25.4 Keeratinijakal and Lamkey (1993a) 
BSSS (R) C4 X BSCBl (R) C4 42.8 17.4 Keeratinijakal and Lamkey (1993a) 
BS21 (R)C0xBS22 (R)CO 1.0 Menz and Hallauer (1997) 
BS21 (R) C3 x BS22 (R) C3 10.2 9.2 Menz and Hallauer (1997) 
Learning (S) CO x Midland (S) CO 4.9 Carena and Hallauer (1999) 
Learning (S) C3 x Midland (S) C3 17.8 12.9 Carena and Hallauer (1999) 
^ Increase of heterosis after selection. 
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Table 6. Heterosis estimates for seven traits in Learning by Midland Yellow Dent maize 
cultivar crosses after inbred progeny selection, adapted from Smith's model 
(1983). 
Trait Hir HASH' 
Grain yield (Mg ha"') 0.23 0.06 
Grain moisture (%) -2.79** 0.52 
Root lodging (%) -5.74** 1.26 
Stalk lodging (%) 0.35 0.02 
Dropped ears (%) 2.17* 0.31 
Plant height (cm) 3.27 0.22 
Ear height (cm) -0.82 0.68 
•, •* Significantly different from zero at 0.05 and 0.01 probability levels, respectively 
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CHAPTER 5. GENERAL CONCLUSIONS 
Despite the fact that genetic diversity within the most successful sources of elite U. S. 
germplasm still exists and can even be created through de novo variation (Rasmusson and 
Phillips, 1997), it seems unreasonable to assume that most of the desirable genes in maize are 
concentrated in the small germplasm sample that U. S. maize breeders utilize (Brown, 1975). 
Lower rates of maize yield improvement due to frequent line recycling within this narrow 
genetic base has attracted our attention towards the advantages of new germplasm sources in 
increasing the genetic potential of future hybrids. Our effort was based on the creation and 
exploitation of an additional U. S. exotic domestic germplasm, the Learning by Midland 
Yellow Dent heterotic pattern, based on the preliminary results of Kauffman et al. (1982). 
Direct, indirect, and correlated responses for three cycles of inbred progeny recurrent 
selection were determined in both populations at two levels of inbreeding. Three methods of 
genetic gain evaluation were utilized for the same experiment, and we obtained information 
of genetic drift and the genetic effects associated with mean changes of both populations 
before and after selection. 
Based on the evaluation of this breeding program we have the following conclusions: 
1) Si-St recurrent selection was effective in improving grain yield as well as important 
traits required for adaptation. An adequate balance between both stages of selection has 
been achieved, and the first step in developing competitive sources of germplasm has 
been finished. New breeding populations have been produced for the future 
development of potentially successful inbred lines. Improved versions of Leaming and 
Midland Yellow Dent are alternative sources to exploit heterosis. 
2) Inbred progeny selection was important for improving the cross between Leaming and 
Midland Yellow Dent, especially the midparent heterosis of grain yield. The increase 
of heterosis was similar to the one from interpopulational recurrent selection methods 
which encourages our willingness to continue this program with an interpopulation 
selection program. The potential of both variedes was demonstrated through their 
performance in the cross. The improved version of Leaming was responsible primarily 
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for grain yield and grain moisture selection responses, while Midland Yellow Dent 
made important contributions to the improvement of root lodging and plant height. 
3) Inbreeding depression due to genetic drift was controlled. Other causes of inbreeding 
depression, however, remain unclear. We used three methodologies to estimate 
inbreeding depression. In all cases, the estimates depended on the trait evaluated. Grain 
yield, as well as plant and ear height, were commonly associated with this 
phenomenon. Our evaluations, however, were not complete since they were based on 
only one level of inbreeding. But in all cases where inbreeding depression was 
important, selection was effective in overcoming the effect. 
The immediate goal of the breeding program should be to improve the 
interpopulaticnal cross. A medium-term goal would be to begin a program of inbred line 
development with different testers. Leaming seems to be phenotypically related to Lancaster 
Sure Crop, while Midland Yellow Dent is similar to Reid Yellow Dent. Early-generation 
testing between improved lines of Leaming and Reid Yellow Dent, as well as between 
improved sources of Midland Yellow Dent and Lancaster Sure Crop, is recommended. A 
molecular genotyping of Leaming and Midland Yellow Dent will be helpful to assess their 
genetic divergence. 
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APPENDIX A. ADDITIONAL INFORMATION OF THE BREEDING 
PROGRAM 
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Table Al. Monthly average temperatures during the breeding program at the Agronomy and 
Agricultural Engineering Research Center located west of Ames, Iowa. 
Temperature ("C) 
Month 1983 1987 1989 1992 1997 
January -4 -3 -1 -2 -9 
February -1 2 -10 0 -4 
March 2 6 2 5 4 
April 6 12 11 9 8 
May 14 19 16 17 13 
June 22 23 20 21 22 
July 25 24 24 20 23 
August 26 21 22 19 21 
September 19 18 16 17 21 
October 12 9 12 11 12 
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Table A2. Monthly average precipitation during the breeding program at the Agronomy and 
Agricultural Engineering Research Center located west of Ames, Iowa. 
Precipitation (mm) 
Month 1983 1987 1989 1992 1997 
January 22 5 28 31 16 
February 20 13 8 39 28 
March 93 51 18 64 49 
April 80 55 66 99 93 
May 158 92 131 26 61 
June 232 77 89 15 93 
July 97 121 62 259 100 
August 107 320 44 57 39 
September 81 53 81 104 56 
October 159 29 74 14 91 
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Table A3. Average grain yield of nonselected and selected progenies in relation to Iowa 
productivity during the breeding program in Learning and Midland Yellow Dent 
maize populations. 
Grain yield (Mg ha ') 
1983 1987 1989 1992 1997 
Iowa averaged 5.5 8.3 7.4 9.2 8.7 
Leaming 
Population u - 2.6 - - 4.7 
Selected u - 3.7 - - 5.1 
- 1.1 - . 0.4 
Midland 
Population u - - 2.2 2.2 
Selected u - - 3.3 3.0 
S - - 1.1 0.8 
^ Difference between the mean phenotypic value of individuals selected as parents and the mean phenotypic 
value of all individuals in the parental generation before selection (Selection differential). 
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Table A4. Means and selection differentials of different selection cycles in Learning and 
Midland open-pollinated maize varieties. 
Midland Yellow Dent Learning 
Trait 1989 1992 1996 1987 1992 1997 
Yield (Mg ha') 
Pop. Mean 2.22 2.24 2.58 4.49 
Maximum 4.96 4.21 5.29 5.67 
Minimum 0.56 0.63 0.44 3.02 
Progeny Mean 3.27 3.03 3.69 5.14 
Differential (S) 1.05 0.79 1.11 0.65 
Moisture (%) 
Pop. Mean 27.2 24.5 12.6 18.9 
Maximum 35.2 31.2 15.0 20.3 
Minimum 17.8 17.0 10.9 17.2 
Progeny Mean 24.7 24.0 12.7 19.2 
Differential (S) -2.5 -0.5 0.2 0.3 
Root Lodging (%) 
Pop. Mean 30.6 8.9 13.7 10.4 13.0 1.7 
Maximum 78.7 47.3 59.8 63.7 4.6 
Minimum 0.0 0.0 _ 0.0 0.0 0.0 
Progeny Mean 23.4 4.0 8.9 6.1 4.4 1.8 
Differential (S) -7.2 -4.9 -4.8 -4.3 -8.6 0.1 
talk Lodging (%) 
Pop. Mean 11.2 8.8 16.0 15.4 18.0 15.9 
Maximum 28.8 47.9 62.1 58.9 30.5 
Minimum 0.0 0.0 2.3 0.0 5.4 
Progeny Mean 10.2 5.3 11.9 11.4 9.5 11.5 
Difference (S) -1.0 -3.5 -4.1 -4.0 -8.5 -4.4 
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Table A5. Details of the selection program carried out in Learning open-pollinated maize 
variety. 
Year Material Source 
1982 10 rows of OP variety OHIO 1937 
1982-1983 30 rows (337 ears ®) 82: 3281 
1983 221 Si lines (69 saved, 31 %) 82-82: 171 
1983-1984 20 Si lines recombined 83: 3361-3380 
1984 20 lines-Learning (S) CI Synl 83-83: Puerto Rico 
1985 20 lines-Leaming (S) CI Syn2 ® 84: 4771-4790 
1986 216 Si lines (72 saved and ®, 33 %) 85: 2521-2540 
1987 86 S2 progenies evaluated 86: 3326-1 to 3542 
1988 25 Si lines recombined 86: 
1989 25 lines-Leaming (S) C2 Syn 1 88: 2251-2276 
1990 25 lines-Leaming (S) C2 Syn2 ® 89: 1937-1962 
1991 278 Si lines (selected and ®) 90: 761-786 
1992 116 S2 progenies evaluated 
1993 24 Si lines recombined 91: 2598-2876 
1994 24 lines-Leaming (S) C3 Syn 1 ® 93: 150-197 
1995 Selection of 215 Si lines and TC (A632) 94: 2016-1 
1996 Line increase 95: 2803-3015 
1997 38 TC progenies evaluated/Line increase Two sources 
1998 10 Learning (S) C4 lines recombined 97: 1433-1482 
1998-1999 10 lines-Leaming (S) C4 Synl ®? 98: 
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Table A6. Details of the selection program carried out in the open-pollinated maize variety 
Midland Yellow Dent. 
Year Material Source 
1980 PI 222615 
1981 20 rows (120 pollinations) 
1982 20 rows (275 pollinations) 
1982-1983 20 rows ® 
1983 275 Si lines (20 % saved) 82-83: Puerto Rico 
1983-1984 Recombination of selected lines 83:5121-5363 
1984 20 rows-Midland (S) CI Synl 83-84: Puerto Rico 
1984-1985 20 rows-Midland (S) CI Syn2 84: 4751-4770 
1987 24 So lines recombined 84-85: Puerto Rico 
1987 -1988 24 rows ® 87: 3371-3418 
1988 142 Si lines (selected and <S>) 87-88: Puerto Rico 
1989 90 St progenies evaluated 88:4733-4875 
1990 20 Si lines recombined 87-88: Puerto Rico 
1990-1991 Midland (S) C2 Synl ® 
1991 203 Si lines (selected and <8>) 90-91: Puerto Rico 
1992 99 Sa progenies evaluated 91: 2876-3079 
1993 24 Si lines recombined • t  
1993-1994 Midland (S) C3 Syn 1 
1994 Midland (S) C3 Syn 2 ® 93-94: Puerto Rico 
1995 377 Si lines (selected and ®) 
1996 136 St progenies evaluated 95:4096-4473 
1997 20 Si lines recombined 95: " " 
1998 Midland (S) C4 Synl 97: 2741-2760 
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APPENDIX B. ADDITIONAL INFORMATION OF THE EVALUATION 
PROGRAM 
Table Bl. Individual analyses of variance of ten traits for 50 entries evaluated in Ames, Central Iowa, 1997. 
Mean squares 
Source of 
variation d.f. 
Grain 
Stand 
Lodging Dropped 
ears 
Plant 
height 
Ear 
height 
Flowering date 
Yield Moisture Root Stalk Pollen Silk 
M g  h a '  % M h a '  .— cm- days-
Replications 2 1.8* 1.2 48.5 1.8 57.1 86.0** 636.1** 194.5* 15.2** 52.8 
Entries 49 5.5** 65.4** 151.8** 34.1** 143.0** 15.3* 1,094.1** 885.0** 75.1** 121.3*= 
Error 98 0.5 5.5 21.2 16.5 61.0 9.0 97.3 41.4 0.7 62.2 
C.V. (%) 20.5 10.0 7.8 91.0 39.9 66.4 4.6 6.0 1.0 9.0 
Mean 3.6 23.4 59.3 4.5 20.6 4.5 212.6 106.8 85.8 87.6 
LSD (0.05) 1.2 3.8 7.5 6.6 12.7 4.9 16.0 10.4 1.3 12.8 
Repeatability (%) 90.2 91.6 86.0 51.6 57.3 40.7 91.1 95.3 99.1 48.7 
Significant at 0.05 and 0.01 probability levels, respectively. 
Table B2. Individual analyses of variance of eight traits for 50 entries evalujited in Ankeny, Central Iowa, 1997. 
Mean squares 
Source of 
variation d.f. 
Grain LodRine Dropped 
ears 
Plant 
height 
Ear 
height Yield Moisture Stand Root Stalk 
M g  h a '  % M h a '  
Replications 2 2.9** 0.1 58.6 416.0* 34.1 2.1 167.9 193.0** 
Entries 49 4,5** 16.5** 176.7** 630.5** 56.3** 10.9 964.1** 801.7** 
Error 98 0.6 3.4 29.9 130.1 31.4 8.3 68.8 36.8 
C.V. (%) 27.1 11.9 9.2 71.1 51.2 83.4 4.0 5.9 
Mean 2.8 15.5 59.3 16.0 10.9 3.4 207.8 102.4 
LSD (0.05) 1.2 3.0 8.9 18.5 9.1 4.7 13.4 9.8 
Repeatability (%) 87.5 79.4 83.1 79.4 44.3 24.2 92.9 95.4 
** Significanl a( 0.05 and 0.01 probability levels, rcspcclivcly. 
Table B3. Individual analyses of variance of eight traits for 50 entries evaluated in Calumet, Northwest Iowa, 1997. 
Mean squares 
Source of 
variation d.f. 
Grain Lodging Dropped 
ears 
Plant 
height 
Ear 
height Yield Moisture Stand Root Stalk 
M g  h a '  % M h a '  % 
Replications 2 0.2 1.4 23.2 126.6* 24.3 31.0 49.0 25.1 
Entries 49 2 4** 40.8** 230.4** 73.1** 86.3** 19.2 848.3** 1,037.0** 
Error 98 0.3 3.7 27.9 36.1 45.6 15.3 66.0 66.9 
C.V. (%) 25.5 7.8 10.6 106.8 50.1 95.4 4.0 8.4 
Mean 2.2 24.7 49.9 5.6 13.5 4.1 203.6 97.2 
LSD (0.05) 0.9 3.1 8.6 9.7 10.9 6.3 13.2 13.3 
Repeatability (%) 87.1 91.0 87.9 50.6 47.1 20.3 92.2 93.5 
•, •• Significant at 0.05 and 0.01 probabiliiy levels, respectively. 
Table B4. Individual analyses of variance of eight traits for SO entries evaluated in Kanawha, North-Central Iowa, 1997. 
Mean squares 
Source of Grain lodging Dropped Plant Ear 
variation d.f. Yield Moisture Stand Root Stalk ears height height 
Mg ha"' % M ha"' % cm 
Replications 2 2.0* 4.3 43.5** 52.2* 119.3 20.7** 25.0 109.0 
Entries 49 5.0** 138.5** 38.6** 137.1** 139.1** 5.8* 1,326.9** 1398.8.7** 
Error 98 0.5 10.2 7.6 39.0 56.2 3.4 67.7 46.8 
C.V.(%) 20.2 12.8 4.5 110.3 42.2 78.1 3.8 7.0 
Mean 3.4 24.9 61.4 5.7 17.7 2.4 214.9 98.0 
LSD (0.05) 1.1 5.2 4.5 10.1 12.1 3.0 13.3 11.1 
Repeatability (%) 90.7 92.7 80.3 71.6 59.6 41.4 94.9 96.7 
•, •• Significant at 0.05 and 0.01 probability levels, rcspcclivcly. 
Table B5. Individual analyses of variance of eight traits for SO entries evaluated in Crawfordsville, Southeast lowa, 1997. 
Mean squares 
Source of Grain Lodging Dropped Plant Ear 
variation d.f. Yield Moisture Stand Root Stalk ears height height 
Mg ha ' % M ha ' % cm 
Replications 2 1.0 2.9 52.2 
Entries 49 4.1** 18.5** 208.5** 
Error 98 0.3 4.0 21.2 _ 
Repeatability (%) 92.0 78.5 89.8 
** Significant at O.OS and 0.01 probability levels, respectively. 
Table B6. Bartlett's test of heterogeneity of variances across environments for pooled error and genotype-by-environment 
interaction. 
Mean squares 
Source of 
variation 
Grain Lodging 
Yield Moisture Stand Root Stalk 
Dropped 
ears 
Plant 
height 
Ear 
height 
Pooled error t 14.68** 
CHI SQUARE VALUES (X ) 
43.51** 47.85** 111.02** 12.10** 50.70** 5.20 10.20** 
G X E interaction • 47.14** 125.31** 37.96** 146.18** 13.93** 11.25** 31.61** 48.46** 
Learning x E 6.08 3.73 10.34 6.70 2.69 8.67 6.39 2.22 
Midland x E 5.39 0.87 33.90** 2.97 15.58* 2.75 11.47 4.65 
*, ** Significant at 0,05 and 0.01 probability levels, respectively. 
' Variance estimates have equal degrees of freedom. 
* Variance estimates have unequal degrees of freedom. 
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Table B7. Subdivision of the sum of squares of Midland Yellow Dent by environment 
source of variation for two traits with heterogeneity of variances. 
Source of 
Variation d.f. 
Mean squares 
Stand d.f. Stalk lodging 
M h a '  % 
Midland x E ^ 76 53.61** 57 71.22* 
Cycles per se x E 12 22.99 9 55.13 
Cycles ® * X E 12 27.38 9 12.34 
(Per se vs. ®) x E 4 66.64* 3 190.15** 
Crosses per se x E 20 11.50 ' 15 49.96 
Crosses ® x E 20 66.22*» 15 59.30 
(Per se vs. ®) x E 4 346.40** 3 262.53** 
Heterosis^ x E 4 65.84* 3 151.79* 
Pooled Error 490 21.57 392 48.56 
*, ** Significant at 0.05 and 0.01 probability levels, respectively. 
^ E = Environment 
* ® = Group of entries after one generation of inbreeding. 
^ Heterosis within population 
Table B8. Means combined across environments of eight traits for SO entries sorted by yield. 
Grain Lodging Dropped Plant Ear 
Genotype Yield Moisture Stand Root Stalk ears height height 
Mg ha' % M h a '  ...% 
MidlandCO (8 1.45 25.1 53.3 18.3 14.0 1.7 223.4 128.9 
Midland CO x Midland C2 0 1.60 25.5 38.5 20.4 18.3 3.2 215.4 113.3 
Learning CO ® 1.63 17.8 54.2 6.6 18.4 4.4 194.3 88.3 
Midland CI X Midland C2 (8) 1.69 25.8 41.4 13.2 20.9 1.3 207.3 108.2 
Learning CO x Midland CO ® 1.74 19.4 54.4 8.5 20.0 5.8 208.0 99.8 
Midland C2 0 1.75 26.0 51.0 17.0 16.2 2.2 206.5 105.2 
Learning CI ® 1.76 17.4 53.0 9.0 18.8 4.0 190.2 86.3 
Midland CO x Midland C3 ® 1.78 23.3 49.7 15.2 20.4 4.3 215.8 113.5 
Midland CO x Midland CI ® 1.78 24.4 44.2 10.5 20.0 1.7 208.1 107.7 
Learning CO x Learning C2 ® 1.79 16.3 58.1 3.5 17.1 3.7 193.7 83.9 
Learning CO x Learning CI ® 1.79 18.1 55.3 11.0 21.0 5.9 197.7 88.7 
Midland CI (8 1.80 24.8 51.0 10.4 17.5 1.8 207.4 111.0 
Learning C2 ® 1.81 18.2 56.9 2.5 15.6 3.2 185.4 77.9 
Learning CI x Learning C2 (S 1.86 17.2 60.9 5.2 12.3 3.6 185.3 79.7 
Learning CO x Learning C3 ® ' 1.88 18.1 55.0 4.1 14.2 4.7 183.1 77.6 
Midland C2 x Midland C3 ® 1.88 25.1 43.7 12.7 12.4 2.0 211.9 101.8 
Midland CI x Midland C3 ® 1.90 24.5 42.4 12.4 24.6 3.6 208.5 110.4 
Learning C3 0 2.03 17.0 57.3 1.4 10.5 2.2 173.9 71.1 
Table B8. (Continued) 
Grain Lodging Dropped Plant Ear 
Genotype Yield Moisture Stand Root Stalic ears height height 
M g  h a '  % M h a '  W 
Learning C2 x Learning C3 ® 2.07 16.8 55.4 2.5 11.7 2.6 183.3 74.8 
Learning C3 x Midland C3 ® 2.19 19.4 55.5 3.3 15.7 4.3 191.4 84.8 
Midland C3 ® 2.19 24.2 57.6 9.7 17.0 2.2 203.8 102.8 
Learning CI x Leaniing C3 ® 2.29 17.3 58.1 2.5 13.0 2.1 191.9 83.0 
Learning CI 2.79 I8.I 60.1 4.7 10.2 6.8 202.9 86.9 
Midland CO 2.88 26.0 58.6 29.4 15.6 4.5 249.7 138.6 
Midland CI 2.89 25.0 58.3 13.0 21.6 2.2 232.7 122.6 
Learning C2 2.99 17.0 62.2 3.5 14.3 5.3 201.8 84.4 
Learning CO x Leaniing CI 3.01 16.7 62.5 7.4 18.4 7.6 208.9 97.7 
Learning CO 3.01 17.3 62.8 4.4 22.0 4.8 215.6 100.1 
Midland CI x Midland C2 3.09 26.2 62.3 11.8 18.1 1.9 233.1 123.8 
Learning CO x Midland CO 3.09 19.2 61.2 9.8 19.2 6.6 231.8 118.0 
Midland CO x Midland C2 3.09 26.2 61.6 16.8 16.3 3.7 239.4 133.0 
Midland CI x Midland C3 3.11 26.0 62.1 6.2 14.6 4.1 222.8 113.7 
Midland C2 3.17 25.3 59.7 11.5 14.2 2.4 227.9 122.4 
Learning CO x Learning C3 3.18 17.7 63.6 3.1 16.6 6.1 204.7 89.9 
Midland C3 3.19 24.5 62.1 6.3 17.9 2.6 217.7 107.1 
Midland CO x Midland CI 3.28 26.6 59.8 17.8 24.5 3.0 238.2 130.3 
Learning CI x Learning C2 3.31 18.2 63.1 4.9 13.1 3.2 199.8 83.2 
Learning CO x Learning C2 3.37 17.2 62.5 3.2 15.3 3.6 208.5 90.2 
Table B8. (Continued) 
Grain Lodging Dropped Plant Ear 
Genotype Yield Moisture Stand Root Stalk ears height height 
M g  h a '  % M h a '  
Learning CI x Learning C3 3.43 16.5 63.2 4.0 11.6 4.4 206.0 86.7 
Midland CO x Midland C3 3.52 25.9 63.0 14.8 18.2 3.0 241.0 126.9 
Midland C2 x Midland C3 3.59 26.1 62.8 9.9 20.4 2.6 228.6 J 22.8 
Learning C2 x Learning C3 3.80 17,1 62.4 1.4 12.7 2.6 203.8 87.0 
Learning C3 3.86 \ in 62.9 1.9 8.0 4.1 197.0 83.9 
Learning C3 x Midland C3 4.15 20.9 61.6 1.1 13.3 5.6 216.9 99.5 
BS28 (R)CI Synl 4.28 21.5 60.7 3.1 9.4 1.8 208.8 102.7 
BS21 (R)C6 4.35 17.9 62.8 0.3 6.2 5.2 190.7 83.7 
BS22 (R) C6 4.90 17.2 63.2 0.5 3.1 1.9 181.1 74.6 
BS29(R)C1 Synl 5.06 24.2 59.2 2.8 13.5 3.7 221.1 113.7 
BSI0(FR)C12Synl 5.80 21.1 63.6 2.4 13.5 4.0 229.9 115.1 
BSII (FR)CI2Synl 5.94 20.4 63.0 1.7 13.0 2.8 240.0 118.8 
LSD (0.05) 0.60 2.9 4.9 9.4 6.4 2.3 8.9 7.7 
EXPERIMENT MEAN 2.86 21.1 57.6 8.0 15.7 3.6 209.7 101.1 
EXPERIMENT MINIMUM 1.45 16.3 38.5 0.3 3.1 1.3 173.9 71.1 
EXPERIMENT MAXIMUM 5.94 26.6 63.6 29.4 24.6 7.6 249.7 138.6 
Table B9. Means combined across five environments of eight traits for different genotypic groups and their comparisons with 
B73 X Mol7. 
Grain Lodging Dropped Plant Ear 
Genotype Yield Moisture Stand Root Stalk ears height height 
Mg ha' % M ha' - —cm 
EXPERIMENT MEAN 2.86 21.1 57.6 8.0 15.7 3.6 209.7 101.1 
MEAN OF SELFED ENTRIES ; 1.85 21.0 52.1 8.4 16.8 3.2 199.4 95.4 
NON-SELFED MEANS 3.26 21.4 61.7 8.5 16.2 4.1 219.5 106.6 
LEAMING MEANS 2.58 17.4 59.5 4.4 14.8 4.3 196.4 85.1 
NON-SELFED ENTRIES 3.28 17.4 62.5 3.9 14.2 4.9 204.9 89.0 
SELFED ENTRIES 1.88 17.4 56.5 4.8 15.3 3.6 187.9 81.1 
MIDLAND MEANS 2.48 25.4 54.2 13.9 18.1 2.7 222.0 117.2 
NON-SELFED ENTRIES 3.18 25.8 61.0 13.8 18.1 3.0 233.1 124.1 
SELFED ENTRIES 1.78 24.9 47.3 14.0 18.1 2.4 210.8 110.3 
LEAMING X MIDLAND 2.79 19.7 58.2 5.7 17.1 5.6 212.0 100.5 
CROSSES 3.62 20.1 61.4 5.5 16.3 6.1 224.4 108.8 
SELFED CROSSES 1.97 19.4 55.0 5.9 17.9 5.1 199.7 92.3 
CYCLED 2.42 (3.09)' 19.3(19.2) 57.8 (61.2) 9.2 (9.8) 19.6(19.2) 6.2 (6.6) 219.9 (231.8) 108.9 (118.0) 
CYCLE 3 3.17(4.15) 20.2(20.9) 58.6(61.6) 2.2(1.1) 14.5(13.3) 5.0(5.6) 204.2 (216.9) 92.2 (99.5) 
CHECK MEANS 5.06 20.4 62.1 1.8 9.8 3.2 211.9 101.4 
LEAM C3xMIDLC3 4.15 20.9 61.6 I.I 13.3 5.6 216.9 99.5 
B73 xMot?' 6.34 19.2 68.2 3.4 10.0 4.5 
' Averaged over 13 locations 
* Values between parenthesis are means over So generations. 
Table BIO. Complete subdivision of the combined analyses of variance of eight traits for teaming maize population 
evaluated in five Iowa environments. 
Mean squares 
Source of 
variation d.f. 
Grain 
Stand 
Lodging Dropped Plant 
height 
Ear 
height Yield Moisture d.f. Root Stalk ears 
M g  h a '  % Mha"' .. % cm 
LEAMING 19 dm** 5.19 m.51** 19 75.07** 167.44** 27.28** 1,351.72** 578.17** 
Cyclcs per sc 3 3.4 3.56 26.30 3 18.25 458.38** 15.47 760.48** 700.67** 
Linpar 1 5.68»* 0.03 5.18 1 43.80 862.66** 7.11 1,948.26** 1,572.35** 
Lack of fit 2 2.28*» 5.33 36.86 2 5.48 256.24** 19.65 166.59 264.83** 
Cyclcs ® 3 0.43 4.24 65.40 3 147.14** 172.92** 11.52 933.02** 751.66** 
Linear 1 1.22 2.15 131.17* 1 287.32** 425.80** 33.63* 2,608.32** 2,149.21** 
Lack of flt 2 0.04 5.29 32.52 2 77.05* 46.48 0.47 95.37 52.89 
Per se vs. ® 1 55.26»* 0.13 1.303.80** 1 39.20 118.19 77.97** 8,099.70** 1,492.32** 
Crosses per sc 5 1.09* 6.23 3.41 5 48.91* 81.51 44.01** 136.91 288.97** 
Linear 1 3.99** 0.11 0.20 1 111.59** 319.09** 112.06** 251.03 850.03** 
Lack of fit 4 031 1J6 4.21 4 33.24 22.12 27.00* 108.38 148.71* 
Crosses ® 5 0.60 7.48 80.83* S 124.04** 151.77** 22.45* 448.37** 292.88** 
Linear 1 1.82* 3.93 9.60 1 338.74** 634.56** 82.37** 958.72** 840.40** 
Lack of fit 4 0.30 8.37 98.64* 4 70.37** 31.07 7.47 320.78»* 156.00* 
Per se vs. ® 1 82.60** 0.44 1494.34** 1 24.93 2.79 25.64 9,328.26** 2,220.01** 
Heterosis 1 1.22 3.41 29.78 1 3.98 28.22 3.09 25.31 3.81 
LEAMING X E 76 0.45 6.06 27.41 57 15.80 40.06 8.13 79.64 45.59 
*, ** Significant at O.OS and 0.01 probability levels, respectively. 
Table Bll. Complete subdivision of the combined analyses of variance of eight traits for Midland Yellow Dent maize 
population evaluated in five Iowa environments. 
Mean squares 
Source of Grain Lodging Dropped Plant Ear 
variation d.f. Yield Moisture Stand d.f. Root Stalk ears height height 
Mg ha' % Mha"' % cm 
MIDLAND 19 8.38** 11.10 1,033.55** 19 333.35** 131.89* 10.64* 2,267.54** 1,407.32** 
Cycles per sc 3 0.43 6.42 45.02 3 1,199.48** 125.79 14.31* 2,138.06** 1.979.80** 
Linear I 1.07 14.74 105.68 1 3.022.74** 0.10 19.00 6.085.30** 5,368.55** 
Lack of fit 2 0.11 2.26 14.69 2 287.85 188.63 11.97 164.44 285.43* 
Cycles (8) 3 1.38* 8.96 145.79 3 237.40 28.00 0.84 947.69** 1,673.22** 
Linear 1 3.53»* 1.73 124.92 1 224.12 33.93 1.91 2,141.44** 4,246.21** 
Lack of (It 2 0.31 12.58 156.23 2 244.04 25.04 0.31 350.82* 386.73* 
Per sc vs. ® 1 45.79*» 1.18 125.70 1 35.00 30.87 21.29* 11,353.50** 2,758.47** 
Crosses per sc 5 0.77 0.90 19.68 5 235.59 145.03 7.36 602.83** 551.70** 
Linear I 0.30 2.19 51.19 1 948.66* 116.03 0.58 1,927.99** 1,666.34** 
Lack of fit 4 0.89 0.58 11.80 4 57.32 152.28 9.06 271.54* 273.04* 
Crosses ® 5 0.19 12.31 209.19** 5 141.68 192.13* 16.68** 170.70 228.93* 
Linear 1 0.35 2.41 0.23 1 37.74 57.78 0.02 17.06 324.88* 
Lack of nt 4 0.15 14.79 261.43** 4 167.67 225.72* 20.85»* 209.11 204.94* 
Per se vs. ® 1 102.35** 88.34** 15,616.32** 1 48.01 20.59 5.12 18,493.73** 9.115.48** 
Heterosis 1 2.23* 32.99* 184.50 1 132.75 53.62 0.55 98.20 161.60 
MIDLAND X E 76 0.44 7.57* 53.61** 57 134.30** 71.22* 4.84 99.74 78.43** 
SigniHcant at 0.05 and 0.01 probability levels, respectively. 
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Table B12. Genetic expectations of population means based on the Smith's model (1983). 
Entry Genetic expectations 
Learning CO AOI + 2DOI 
Learning (S) CI AOI + 2DOI + 2ALI -1- 2DLI + 2DQI 
Learning (S) C2 AOI + 2DOI + 4ALI + 4DL1 + 8DQI 
Learning (S) C3 AOI + 2D0I + 6ALI 6DLI + 18DQI 
Midland CO Aor + 2D0r 
Midland (S)C1 Aor + 2DOr + 2ALr +• 2DLr + 2DQr 
Midland (S) C2 Aor + 2DOr + 4ALr 4DLr + 8DQr 
Midland (S) C3 Aor + 2D0r + 6ALr + 6DLI + ISDQI' 
Learning CO ® AOI + DOI 
Learning (S) CI ® AOI + DOI + 2ALI DLl + DQI 
Learning (S) C2 ® AOI + DOI + 4ALI + 2DLI + 4DQI 
Learning (S) C3 ® AOI + DOI + 6ALI + 3DL1 + 9DQI 
Midland CO ® Aor + Dor 
Midland (S) CI ® Aor + Dor + 2ALr + DLI' + DQI' 
Midland (S) C2 ® Aor + Dor + 4ALI' + 2DLr + 4DQr 
Midland (S) C3 ® Aor + Dor + 6ALr + 3DLr + 9DQr 
Learning COxCl AOI + 2D0I + ALI + DLI 
Learning C0xC2 AOI + 2D0I + 2ALl' + 2DLI 
Learning C0xC3 AOI + 2DOI + 3ALI + 3DLI 
Learning ClxC2 AOI + 2D0I + 3ALI + 3DLI 
Learning ClxC3 AOI + 2D0I + 4ALI + 4DLI 
Learning C2xC3 AOI + 2DOI + 5ALI + 5DLI 
Midland COxCl Aor + 2DOr + ALI' + DLI' 
Midland C0xC2 Aor + 2D0r + 2ALr + 2DLr 
Midland C0xC3 Aor + 2D0r + 3ALr + 3DLr 
Midland ClxC2 Aor + 2D0r + 3ALr + 3DLI' 
Midland ClxC3 Aor + 2D0r + 4ALr + 4DLr 
Midland C2xC3 Aor + 2D0r + 5ALr + 5DLr 
Learning COxCl ® AOI + DOI + ALI + 0.5DLI 
Learning C0xC2 ® AOI + DOI + 2ALI + DLI 
Learning C0xC3 ® AOI + DOI + 3ALI + 1.5DLI 
Learning CIxC2 ® AOI + DOI + 3ALI + 1.5DLI 
Learning CIxC3 ® AOI + DOI + 4ALI + 2DLI 
Learning C2xC3 ® AOI + DOI + 5ALI + 2.5DLI 
Midland COxCl ® Aor + Dor + ALI' + 0.5DLr 
Midland C0xC2 ® Aor + Dor + 2ALr + DLI' 
Midland C0xC3 ® Aor + Dor + 3ALr + 1.5DLr 
Midland ClxC2 ® Aor + Dor + 3ALr + 1.5DLr 
Midland ClxC3 ® Aor + Dor + 4ALr + 2DLr 
Midland C2xC3 ® Aor + Dor + 5ALr + 2.5DLr 
Leam. CO x Midi. CO 03 (AOI + AOIO + (DOI + DOI") + HD' 
Leam. C3 x Midi. C3 03 (AOI + AOI") + (DOI + DOIO -i- HH' + (3 AU + 3 ALIO + (3DLI+3DLI') + 3HASn' 
Leam. CO x Midi. CO ® 03 (AOI + AOI") + 03 (DOI + DOI") + 03Hn' 
Leam. C3 x Midi. C3 ® 03 (AOI + AOI") + 03 (DOI + DOf) + 03Hn' + (3 ALI + 3 ALIO + 03 (3DLI + 3DLI') + 
13 HASH' 
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